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ABSTRACT 
 Maternal effects are a ubiquitous source of phenotypic variation and relevant to 
understanding many ecological and evolutionary questions.  For oviparous organisms, 
egg size and oviposition/ nest-site choice are two maternal effects that can be 
particularly important.  A classic assumption in life-history theory is that offspring with 
more resources allocated to them have a fitness advantage, but this assumption is 
challenging to assess in the wild.  Oviposition or nest-site choice can influence many 
aspects of the offspring environment including abiotic conditions, competition, predation 
risk, and food availability.  
 This dissertation focuses on the influence of egg size and nest-site choice on 
early life stages of the painted turtle, Chrysemys picta.  Offspring of painted turtles at 
our study site in Illinois are laid as eggs in early summer and incubate for several 
months.  Painted turtles exhibit temperature-dependent sex determination, where nest 
temperature during incubation irreversibly determines offspring sex. Consequently, as 
nest-site choice can influence nest temperatures, it can also influence offspring sex 
ratios. After hatching, offspring remain in the natal nest over the winter, and disperse to 
aquatic habitats the following spring.  This dissertation has three data chapters, and 
together these chapters examine the influence of maternal effects on phenotypes and 
survival during incubation, hibernation and dispersal.   
 Data chapter two utilizes a cross-fostering design to partition the relative 
contribution of egg size, clutch effects, and nest environment to phenotypic variation.  
vii 
 
Additionally, I quantify the strength and form of selection acting on egg size and body 
size during incubation and dispersal, respectively.  
 Data chapters three and four describes an experiment where I compare siblings 
that incubate and hibernate in maternally-selected nest sites or randomly-selected nest 
sites.  I examine the influence of nest-site choice on the nest environment, and on 
offspring sex ratio and survival during both stages.  Additionally, I investigate the 
influence of nest-site choice on morphology and quantify the strength and form of 
selection during incubation and hibernation. 
 Collectively, these chapters provide evidence that larger offspring have higher 
survival during multiple life stages, and that sex-ratio selection is an important 
component of  nest-site choice.   
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Humans generally appreciate that the non-genetic relationship between parent 
and child is fundamental and important both within our species and for many other 
animals that show extensive care to their offspring.  This appreciation undoubtedly 
predates the development of modern scientific thought; yet scientists have only recently 
begun to realize that this relationship is essential for nearly all life on Earth, even those 
organisms with no obvious capacity for parental care. Evolutionary ecologists use the 
term parental effects (or maternal/paternal effects) to describe this relationship.  
Specifically, a parental effect occurs when the phenotype of the offspring is influenced 
by the phenotype or environment of a parent, independently of the offspring’s genotype 
(Bernardo 1996). Currently parental effects are a diverse and dynamic area of research in 
evolutionary ecology, but their relevance is only now being broadly appreciated 
(Mousseau et al. 2009).  This dissertation will focus on maternal effects specifically, as 
paternal effects are unlikely to be important in my study organism, which lacks parental 
care. 
An important outcome of the evolutionary synthesis of the 1930s and 1940s was 
advancing our understanding of genetic sources of phenotypic variation and inheritance. 
For evolution by natural selection to occur, there must be a relationship between 
phenotype and fitness, and the basis for the phenotypic variation upon which selection 
acts must be heritable. As heritability is central to evolution by natural selection, 
research during the Modern Synthesis and afterwards has focused on estimating this 
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genetic relationship among relatives (Futyuma 2005). Prior to the late 1980s there was 
comparatively little research on maternal effects, with much of it focused on maternal 
effects as complications for measures of heritability.  
Key contributions in the 1980s initiated a newfound interest in maternal effects 
(Mousseau et al. 2009). Bruce Riska and his work (Riska et al. 1984, Riska 1989) on the 
relevance of maternal effects to early-life traits and evolutionary processes in general 
generated much excitement. A 1987 review paper, “Maternal effects in plants”, 
synthesized prior research to demonstrate the importance and prevalence of maternal 
effects in plants (Roach and Wulff 1987).  Shortly thereafter, Russell Lande and Mark 
Kirkpatrick mathematically demonstrated how maternal effects may result in 
counterintuitive and complex evolutionary trajectories (Kirkpatrick and Lande 1989, 
Lande and Kirkpatrick 1990).  Specifically, selection for maternally-affected traits can 
amplify or elicit opposite responses in offspring, delayed responses to selection, and 
continued responses after selection has ceased.  The growing interest in maternal effects 
yielded increased research on the topic and several organized symposia at conferences in 
the 1990s.  Resulting from these discussions, Tim Mousseau and Charles Fox edited a 
book titled “Maternal Effects as Adaptations” (1998). This landmark book greatly 
contributed to the area of maternal effects and stimulated an expansion in the field. 
Since “Maternal Effects as Adaptations” was published, maternal effects has 
continued as an area of research in itself and the importance of maternal effects is 
increasingly being realized in diverse fields.  For example, seeds germinating in similar 
environments to their maternal environment have life-history traits that confer a fitness 
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advantage (Galloway and Etterson 2007).  Similarly, crickets whose mothers were 
exposed to high predation are themselves better at surviving predation than offspring 
whose mothers were reared in the absence of predators (Storm and Lima 2010). These 
examples demonstrate maternal effects as a mechanism for adaptive transgenerational 
plasticity. Some maternal effects that have not necessarily been demonstrated to be 
adaptive are still important in understanding certain ecological processes. The snowshoe 
hare and Canadian lynx population cycles are a classic example of predator-prey 
dynamics in ecology. A persisting challenge contributing to these dynamics is the 
observed delay in rapid hare population growth after the lynx population has crashed and 
food is abundant.  Recent research has demonstrated that maternal transfer of stress 
hormones contributes to this puzzling time lag. Mothers who have endured high 
predation risk have elevated stress hormones, which are transferred to their offspring, 
who consequently have reduced reproductive output (Sheriff et al. 2010).  As the 
importance of maternal effects in population dynamics is further realized, such research 
may be incorporated into management practices.  For example, research on exploited 
walleye populations demonstrates that older females produce larger eggs that survive 
better, and thus management practices should protect these fish (Venturelli et al. 2010).  
These examples highlight some recent maternal effects research and demonstrate new 
areas in which maternal effects are being considered.  
For many study systems, the importance of maternal effects has only recently 
been appreciated. For mammals and oviparous reptiles, however, maternal effects have 
been recognized as an area of importance for over 30 years (Trivers and Willard 1973, 
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Bulmer and Bull 1982) because of their potential role in influencing sex ratios. Many 
reptiles experience temperature-dependent sex determination (TSD), where temperatures 
experienced during egg incubation irreversibly determines offspring sex.  Much of the 
research on TSD has focused on 1) the adaptive significance of TSD (e.g. Charnov and 
Bull 1977), 2) the physiological and molecular mechanisms involved in sex 
determination (e.g. Crews 1996, Place and Lance 2004) and 3) the mechanisms 
responsible for sex-ratio dynamics (Bulmer and Bull 1982). It is in this third area of 
research where maternal effects may be most relevant. 
Fisher’s (1930) sex-ratio theory posits that when the cost of making sons or 
daughters is equal, the primary sex ratio should evolve to 1:1. If sex ratio skews exist, 
frequency-dependent selection should favor offspring of the rarer sex.  Any parents with 
a tendency to overproduce the rare sex should be favored, and the sex ratio should 
evolve to 1:1.  Bulmer and Bull (1982) mathematically advanced this theory for 
organisms with TSD, and identified the two potential targets of sex-ratio selection as the 
thermal sensitivity of the sex determination pathway and maternal nest-site choice. By 
selecting nests that are likely to have particular thermal properties, mothers can partially 
control the environmental conditions their developing offspring are likely to experience, 
and consequently influence offspring sex ratio.  This theory stimulated interest in nest-
site choice as an important trait to study in reptiles with TSD.   However, sex-ratio 
selection is only one of many potential evolutionary pressures shaping nest-site choice 
(Refsnider and Janzen 2010), and current research has not demonstrated that sex-ratio 
selection influences nest-site choice. This dissertation will explore nest-site choice of the 
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painted turtle (Chrysemys picta) in depth, considering the phenotypic consequences of 
nest-site choice on sex ratio, survival, and other offspring traits.  
Another maternal effect that has received considerable attention is offspring size. 
The size and number of offspring produced by a female is a classic example of a tradeoff 
in life-history evolution (Lack 1947). Theory predicts that the evolution of egg size and 
number should favor an optimization of these traits that maximize maternal fitness 
(Smith and Fretwell 1974).  However, in natural systems, environments vary 
spatiotemporally, and selection may not be consistent across years (Warner et al. 2010) 
or life stages (Moran 1994), which may explain variation in these traits in natural 
populations.  An important assumption of this classic theory is that those offspring with 
more resources have higher fitness, and this relationship is a key component to 
understanding the evolution of offspring size and number. There are many examples 
where the relationship between early offspring size and survival has been evaluated, and 
for many organisms this general assumption is supported, yet the relationship is not 
always positive or consistent (e.g. Fox and Mousseau 1996).   
The painted turtle (Chrysemys picta) is an excellent organism for the study of 
maternal effects because the first year of life is highly influenced by maternal effects, 
despite having no parental care.  Additionally, the study site on the Mississippi river in 
west-central Illinois has been the focus of long-term research on the reproductive 
ecology of painted turtles, allowing me to leverage prior knowledge to develop novel 
experiments.  Painted turtles lay eggs in shallow, subterranean nests in May or June, 
producing 1-3 clutches of ~10 eggs each.  There is typically a strong relationship 
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between overstory vegetation cover and nest temperature, so these mothers have the 
ability to influence the environment of their offspring during incubation, and putatively 
during hibernation (Weisrock and Janzen 1999).  The developing turtle eggs hatch after 
2-3 months, and during the middle third of incubation, sex is irreversibly determined by 
nest temperature. After hatching, the neonatal turtles remain within the subterranean 
nest, delaying emergence until the following spring.  Hatchling turtles are often exposed 
to subzero and potentially lethal temperatures during this hibernation stage.  High 
mortality during this stage may impose selection on hatchling traits, although this 
possibility has not yet been explored.  Additionally, nest-site choice may influence 
hibernation conditions as well as incubation conditions. Upon emergence in spring, 
hatchlings must disperse across land to their aquatic habitats.  This stage is characterized 
by high mortality, potentially from predation, desiccation, and disorientation.  Hatchling 
size is recognized to be important during this dispersal stage, however the relationship 
between size and survival during incubation and hibernation is less clear.   
Dissertation Organization 
In this dissertation, I will evaluate the consequences of nest-site choice and egg 
size on various phenotypic traits, and will quantify phenotypic selection on offspring 
size during incubation, hibernation, and dispersal (Chapters II and IV). Additionally, I 
will investigate the potential role of sex-ratio selection in shaping the evolution of nest-
site choice (Chapter III).  Chapter II, entitled “Phenotypic and fitness consequences of 
maternal-nest site choice across multiple early life stages”, describes a cross-fostering 
experiment that enabled partitioning of the sources of phenotypic variation into various 
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sources during incubation and hibernation. I also investigated phenotypic selection on 
egg size during incubation, and hatchling size during dispersal.  This project required 
contributions from my coauthors Daniel Warner and Fredric Janzen, and would not have 
been possible without their help in all stages of this project.  Chapter III, entitled “Does 
sex-ratio selection influence nest site choice in a reptile with temperature-dependent sex 
determination?”, utilizes a novel experimental design by splitting clutches between 
maternally-selected and randomly-selected nest sites, and the consequences of nest-site 
choice on offspring sex ratio and survival are discussed. Chapter IV, entitled “Maternal 
effects influence phenotypes and survival during early life stages in an aquatic turtle”, 
discusses data collected from the same experiment as Chapter III, but addresses different 
questions. Specifically, Chapter IV investigates the consequences of random or maternal 
nest-site choice and egg size on offspring phenotypes, and quantifies selection on egg 
size during incubation and offspring body size during hibernation. Chapters III and IV 
were possible with extensive field assistance by coauthor Jessica Maciel and Fredric 
Janzen helping with all parts of the process.  Chapter V offers concluding thoughts and 
future directions.  
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CHAPTER 2.  PHENOTYPIC AND FITNESS CONSEQUENCES OF 
MATERNAL NEST-SITE CHOICE ACROSS MULTIPLE EARLY LIFE 
STAGES  
A paper published in Ecology 
Timothy S. Mitchell, Daniel A. Warner, and Fredric J. Janzen 
 
Abstract 
Identifying the relative contributions of genetic, maternal, and environmental 
factors to phenotypic variation is critical for evaluating the evolutionary potential of 
fitness-related traits. We employed a novel two-step cross-fostering experiment to 
quantify the relative contributions of clutch (i.e., maternal identity) and maternally-
chosen nest sites to phenotypic variation during three early life stages (incubation, 
hibernation, dispersal) of the painted turtle (Chrysemys picta). By translocating eggs 
between nests in the field, we demonstrated that both clutch and nest site contribute to 
phenotypic variation at hatching. Because hatchling C. picta hibernate inside nests, we 
performed a second cross foster to decouple the effects of the incubation nest with that 
of the hibernation nest. Incubation nest explained little variation in phenotypes at spring 
emergence, but winter nest site was important. We found no evidence that mothers select 
nest sites specific to their own offspring’s reaction norms, suggesting that females may 
select nest sites with microhabitats that broadly meet similar requirements across the 
population. After hibernation, we released hatchlings to assess performance and 
phenotypic selection during dispersal. Hibernation nest site influenced physiological 
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performance during dispersal, and we detected non-linear selection on hatchling 
carapace length. Our experiment demonstrates that nest-site choice has substantial 
effects on phenotypic variation and fitness across multiple early life stages. 
Introduction 
Phenotypic variation is pervasive in wild populations and often translates into 
variation in fitness. Adaptive evolutionary trajectories of traits depend upon not only the 
strength and form of selection, but also the underlying sources that contribute to 
phenotypic variation. Phenotypic variation typically is attributed to differences in an 
organism’s genetics and to the environmental conditions it experiences. While the 
mechanisms for inheritance of genetic information are well studied, non-genetic 
transgenerational effects of environmental conditions, in the form of maternal effects, 
are a more recently appreciated phenomenon that can affect evolutionary processes 
(Mousseau and Fox 1998, Mousseau et al. 2009). 
A maternal effect occurs when the mother’s environment or phenotype 
influences her offspring’s phenotype, independent of inherited genes (Bernardo 1996). 
Maternal effects are ubiquitous, including production of (1) either sedentary (wingless) 
or dispersing (winged) phenotypes in insects (Fox and Mousseau 1998), (2) differing 
life-history strategies in plants (Galloway and Etterson 2007), and (3) male and female 
offspring in reptiles with temperature-dependent sex determination (Janzen 1994). A 
strikingly wide array of mechanisms is responsible for the diversity of maternally-
influenced phenotypes, ranging from epigenetic alteration of gene expression in 
offspring germline cells (Weaver et al. 2004) to hormonal environments of offspring 
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during development (Sheriff et al. 2010). Maternal behaviors can also influence 
offspring phenotypic development. For example, thermoregulatory behavior of pregnant 
viviparous reptiles directly modifies offspring developmental environments (e.g., 
Wapstra et al. 2010). Similarly, most birds and some reptiles protect eggs and have 
control over the abiotic micro-environment to which their offspring are exposed (Price 
1998, Huang 2006), which can positively influence offspring fitness (e.g., Shine et al. 
1997a). 
Most oviparous organisms, however, do not care for eggs after oviposition, and 
maternal manipulation of the embryonic environment is therefore indirect. Oviposition-
site choice is the primary mechanism to influence developmental environments 
(Bernardo 1996). Selection should favor mothers who choose sites that result in higher 
fitness for their developing offspring, thus non-random oviposition decisions are likely 
to be adaptive. Locating suitable nest sites, however, is complex because the fitness 
consequences of nest-site choice can be manifested at multiple levels (Refsnider and 
Janzen 2010). For example, mothers must choose nest sites that not only facilitate 
embryonic development, but also positively affect offspring development (Doak et al. 
2006), contain (or are near) suitable offspring habitat (Streby and Anderson 2011), or 
reduce predation risk to themselves and their offspring (Rieger et al. 2004). 
Oviparous reptiles are excellent models for investigating nest-site choice, 
because abiotic conditions experienced during incubation elicit variation in offspring 
phenotype, performance, and fitness (Deeming 2004). Indeed, reptiles select nest sites 
non-randomly in the field in ways that modify phenotypes and improve offspring 
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survival (e.g., Wilson 1998). Still, significant environmental variation exists in 
maternally-selected nests, which translates into significant variation in offspring 
phenotypes and survival (e.g., Warner and Shine 2008). This variation in nest-site choice 
may be adaptive if different clutches respond distinctively to the same environmental 
conditions, which could indicate that genotypes have alternative optimal incubation 
conditions (i.e., genotype-environment interaction) (Shine et al. 1996). If such 
differences are important, females should finely-tune nest-site choice to the specific 
reaction norms of their offspring (Shine and Harlow 1996, Shine et al. 1997b). 
Despite the importance of nest-site choice for egg incubation, studies 
investigating only this life stage neglect later life stages, which nest-site choice also may 
affect. In many organisms, early maternal decisions influence, and exert a durable 
impact on, developmental trajectories across several life stages. For example, ovum size 
and oviposition-site choice in amphibians affect offspring size, developmental rates, 
food availability, predation levels, and competition levels (Resetarits and Wilbur 1989, 
Kaplan 1998). These factors, in turn, impact time and size at metamorphosis, which 
influence survival, predation risk, and reproductive traits (Kaplan 1998). Nest-site choice 
in reptiles could affect developmental trajectories across multiple life stages as well, 
although this possibility has been inadequately explored. For example, offspring of many 
temperate turtle species do not emerge from their terrestrial nests immediately after 
hatching, but remain within nests until dispersal to water sources the following spring 
(Costanzo et al. 2008). For these species, hibernating neonates can freeze or deplete yolk 
(e.g., Willette et al. 2005) and dispersing hatchlings risk predation, disorientation, and 
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desiccation (e.g., Tucker 2000). Here, nest-site choice could directly influence survival 
by affecting both the distance hatchlings must disperse and the type of habitat through 
which they travel (Kolbe and Janzen 2001) and also indirectly influence dispersal 
success via its effect on offspring phenotypes and performance (Janzen et al. 2000a; b; 
2007). 
A thorough investigation of nest-site choice should evaluate the effect of 
maternally-chosen sites on offspring development and fitness during multiple life stages. 
To address these issues, we quantified maternal effects on painted turtle (Chrysemys 
picta) offspring through two stages in natural nests (embryo development and hatchling 
hibernation) and a third stage after emergence from nests. To disentangle clutch effects 
with those associated with nest site, we reciprocally transplanted eggs between pairs of 
nests. After hatching, we redistributed turtles in a second cross-fostering manipulation 
before hibernation. At the natural time for emergence from nests, we released hatchlings 
in the field to assess dispersal performance and survival in this third life stage. This 
novel experimental design enabled us to evaluate four predictions regarding the 
consequences of nest-site choice. 1) Previous laboratory experiments suggest that clutch 
(genetics and maternal provisioning), incubation nest site, and hibernation nest site all 
contribute to phenotypic variation in hatchling turtles, yet no field experiment has 
addressed all three simultaneously. We predicted that the relative contributions of these 
three factors would vary by phenotype, but that all factors would be relevant to the 
overall phenotypic variation. 2) Research in oviparous lizards has proposed that mothers 
choose nest sites specific to their own offsprings’ norms of reactions (Shine and Harlow 
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1996), yet this “maternal matching” hypothesis was not supported (Shine et al. 1997b). 
Our cross-fostering design enabled us to quantify if maternally-chosen nest sites are 
‘best’ for natal, rather than non-natal, hatchling turtles. However, we predicted that such 
finely-tuned nesting decisions would be unlikely to occur within this population. 3) Prior 
field research on painted turtles has documented a functional relationship between nest 
microhabitat characteristics (e.g., shade cover) and nest temperatures during both 
incubation and hibernation (Weisrock and Janzen 1999), and laboratory experiments 
have shown a strong influence of thermal conditions on offspring phenotypes. We 
predicted that shadier nests would be cooler during both stages, which would influence 
thermally sensitive phenotypes. 4) Because several studies have demonstrated that larger 
hatchlings are more successful during dispersal from the terrestrial nest to the aquatic 
habitat (Paitz et al. 2007, Janzen et al. 2000a; b), we predicted that hatchling size would 
influence the probability of survival during dispersal. 
Methods 
 From 22 May through 15 June 2009, we monitored C. picta nesting activity 
along the backwaters of the Mississippi River at the Thomson Causeway Recreation 
Area, in Thomson, IL (Schwanz et al. 2009). After turtles completed nesting, we 
carefully excavated nests from the top, removing eggs within ~5 hours of oviposition 
and placing them in Styrofoam coolers with moist soil. Because we performed three 
manipulations, we partition our methodological and statistical descriptions below 
accordingly. 
Stage 1: Incubation 
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We paired nests of similar age (typically constructed on the same day) and clutch 
size for reciprocal transplant of eggs (hereafter, paired nests are referred to as blocks). 
We swapped half the eggs from a nest and half the eggs from the other nest in a block 
(Fig. 1), with eggs either returned to their mother’s nest (‘natal’ treatment) or placed into 
the nest of the other female (‘non-natal’ treatment). We weighed eggs, uniquely labeled 
them with felt-tip permanent markers, measured depth to the bottom of each empty nest 
cavity, and then alternately inserted natal and non-natal eggs. We programmed 
Thermocron iButtons (wrapped in Parafilm) to record hourly temperatures and placed 
one in the center of each nest among eggs. We then filled the nest openings with soil, 
protected them from predators with 1cm-mesh aluminum hardware cloth secured with 
tent stakes, and mapped them for re-location. 
We measured canopy cover (% openness) and incident solar radiation (mols m−2 
per day) for nests with hemispherical photography and Gap Light Analysis software 
(Doody et al. 2006). We photographed the sky directly above each nest with a Nikon 
Coolpix 5200 outfitted with a 180° fisheye lens. We took these photographs during the 
nesting season and again when hatchlings were recovered in March 2010, prior to leaf 
emergence on trees. 
On 17 August 2009, we excavated all nests and placed the nearly-hatched eggs in 
Styrofoam coolers for transport to Iowa State University (ISU). We packed each nest 
cavity with cotton-filled plastic bags to maintain cavital integrity. Many eggs had pipped 
(i.e., breaking of the eggshell by the caruncle), indicating that most of incubation 
occurred in the field. At ISU, we weighed unpipped eggs and placed them in plastic 
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shoeboxes with moistened vermiculite (−150 kPa) in incubators maintained at a constant 
28°C. We monitored eggs twice daily for pipping, at which point we placed a bottomless 
paper cup over the egg to ensure that we could identify which hatchling came from 
which egg. Within 12 hours of hatching, we weighed turtles and measured carapace 
length. We then housed hatchlings individually in covered 0.47-L plastic cups containing 
moist vermiculite. Sixteen full blocks (32 nests), containing 347 eggs, were available for 
analyses of post-hatching phenotypes at this point. Of those, eggs in 7 blocks had begun 
to pip prior to nest excavation and thus we could not include those blocks in analyses of 
change in egg mass from beginning to end of incubation period. 
To assess the relative contributions of clutch and incubation nest to offspring 
phenotypic variation (prediction #1 in the Introduction), we used nested mixed-model 
analysis of variance (ANOVA) or covariance (ANCOVA) (version 9.2; SAS Institute 
1997). The full model included block, and clutch and incubation nest both nested within 
block as random factors. We did not include the interaction, as SAS considers nested 
designs to be equivalent to interaction effects (Kinnard and Westneat 2009). We 
sequentially removed clutch and incubation nest from the model, and report the 
estimates of variance components from the model with the lowest AIC score. Models of 
hatchling mass and carapace length included egg mass at oviposition as a covariate. We 
removed this covariate from models of egg mass change and incubation period, as it was 
not significant (P’s > 0.47). To investigate body condition, we assigned hatchling mass 
as the response variable and carapace length at hatching as the covariate. To assess 
survival, we used a generalized linear mixed model with a binary response, and included 
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clutch and incubation nest nested within block as random factors. We also performed a 
selection analysis to examine the influence of initial egg mass (standardized to a mean of 
zero and unit variance) on hatching success, independently of clutch and incubation 
factors (Janzen and Stern 1998). 
To assess if mothers choose nest sites specific to the reaction norms of their 
developing embryos (prediction # 2 in Introduction), we performed mixed-model 
ANOVAs. We modeled natal status (natal or non-natal) as a fixed factor, with clutch and 
the clutch by natal status interaction as random factors. 
To assess whether microhabitat variables predicted the nest thermal environment 
during incubation (prediction #3 in Introduction), we performed a series of multiple 
regressions using four values calculated from the iButton data to characterize nest 
thermal regimes (overall mean, mean daily minimum, mean daily maximum, and mean 
daily range of temperature). Depth to the bottom of the nest cavity, canopy cover, and 
solar radiation were the predictor variables for these analyses. To quantify relationships 
between the thermal regime and offspring phenotypes, within blocks we subtracted the 
mean temperature of the cooler nest from the mean temperature of the warmer nest, and 
mean phenotypic values of hatchlings in the cooler nest from mean phenotypic values of 
hatchlings in the warmer nest. Using a generalized linear model, we regressed the 
difference in phenotypes on the difference in temperatures. We repeated this analysis 
using the maximum, minimum and range of temperature to quantify their relationship 
with each measured phenotype. Multiple iButtons malfunctioned, so only 8 blocks were 
used. 
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Stage 2: Hibernation 
Prior to hibernation, we photographed turtle plastrons to ensure accurate re-
identification. We reweighed hatchlings (14 October) and returned them to nests for 
hibernation (24 October). For this second cross foster manipulation, we only included 
blocks so that each combination of clutch, incubation nest, and hibernation nest was 
represented by at least two hatchlings. This design yielded hatchlings from 8 blocks that 
spent (1) both incubation and hibernation stages in the natal nest, (2) both incubation and 
hibernation stages in the non-natal nest, (3) the incubation stage in the natal nest, but the 
hibernation stage in the non-natal nest, and (4) the incubation stage in the non-natal nest, 
but the hibernation stage in the natal nest (Fig. 1). We placed hatchlings in the nests, 
along with C. picta eggshell fragments, as is the natural condition. We buried an iButton 
5-cm deep and 10 cm from each nest cavity, as placing one within a nest could introduce 
unnatural nuclei for ice formation during winter (Costanzo et al. 2000). We checked 
nests on 25 October and 23 November to confirm that hatchlings did not emerge prior to 
winter. We marked nests with graduated stakes to measure snow depth (14 and 28 
December 2009, 13 and 28 January 2010, and 2 March 2010). On 18 March, we 
retrieved hatchlings for measurement, then housed them in ISU incubators at 8°C. 
To assess the contributions of clutch, incubation nest, and hibernation nest to 
offspring phenotypic variation (prediction #1 in the Introduction), we performed similar 
analyses to those described above. In the full mixed model, we included block, clutch, 
incubation nest, and hibernation nest as random factors. We sequentially removed terms 
from the model, and report the estimates of variance components from the model with 
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the lowest AIC score. The model analyzing hatchling mass in the spring used hatchling 
mass in the fall as a covariate, and the model analyzing carapace length in the spring 
included carapace length in the fall as a covariate. To investigate body condition, spring 
hatchling mass was the response variable and spring carapace length was the covariate. 
To assess whether mothers choose incubation and hibernation nest sites specific 
to the reaction norms of their offspring (prediction #2 in the Introduction), we conducted 
similar analyses to those described for stage 1. To quantify whether natal status (natal or 
non-natal) during both incubation and hibernation affected phenotypic variation, we 
performed mixed-model ANOVAs. We modeled natal status during incubation and 
during hibernation as fixed factors, with clutch and the interaction between incubation 
and hibernation natal status as random factors. 
To assess whether microhabitat variables predicted the nest thermal environment 
during hibernation (prediction #3 in the Introduction), we performed similar analyses to 
those described for stage 1. We tested whether the four thermal values during 
hibernation were related to canopy cover and solar radiation during hibernation, nest 
depth, and snow cover with multiple regression. As for stage 1, we quantified the 
relationship between thermal regime and offspring phenotype by regressing the 
phenotypic differences on the hibernation temperature differences. 
Stage 3: Dispersal 
To assess performance and survival during dispersal to water after nest 
emergence, we released 117 hatchlings from the 8 hibernation blocks in the center of a 
level, circular drift-fence arena. The arena was circumscribed by 0.3-m tall aluminum 
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flashing with a radius of 32 m (the average distance of nests from water at the field site; 
Harms et al. 2005). We buried 40 4.5-L plastic jars (tops flush with the soil surface) at 
equal intervals along the internal perimeter of the drift fence (Fig. 1). The arena was 
located in nesting habitat <1 km from the nesting beaches used in our experiment and 
~90 m east of a backwater slough of the Mississippi River. We observed naturally-
dispersing hatchling turtles near the arena at this time, confirming the ecological 
relevance of our experiment. 
Two weeks prior to release, we gradually raised incubator temperatures to 22°C. 
We weighed and measured hatchlings on 15 May 2010. We released hatchlings on 20 
May in 16 6-cm deep depressions located in a circular array 2m from the arena center 
and ~1m from each other. We placed hatchlings that hibernated in the same nest into a 
single depression and covered them with a plastic cup for 15 minutes. At 0700 hrs, we 
quickly removed the cups and exited the area. We returned to the arena to check pitfall 
traps for hatchling turtles at 0800 and 2000 hrs daily for two weeks, then once daily 
through June. We recorded the date, time, and location for each recaptured turtle, and 
identified and reweighed the individual. Any individuals that had not reached the drift 
fence by the termination of the dispersal experiment were presumed to be dead, because 
it is unlikely a hatchling turtle could survive within the arena for the duration of the 
experiment (40 days). 
Migration time and mass loss could only be assessed in the survivors, rendering 
some empty cells in our design. Therefore, we used a mixed-model ANOVA with block, 
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incubation nest (nested within block), and hibernation nest (nested within block) as 
random factors, but we could not include clutch in these analyses. 
We quantified the strength and form of selection on hatchling phenotypes by 
pooling all data from the turtles released in the arena. To assess linear selection (β), we 
used survival (0 or 1) as the dependent variable, and carapace length and body mass 
prior to release (standardized to mean zero and unit variance) as independent variables in 
logistic regression models (Janzen and Stern 1998). To assess non-linear selection (γ), 
we performed similar analyses that included the squares of standardized carapace length 
and body mass as additional independent variables. We multiplied non-linear selection 
gradients by two (Stinchcomb et al. 2008) and visualized selection surfaces with cubic 
splines (Schluter 1988). 
Results 
Stage 1: Effects of the incubation site 
For all traits (except change in egg mass), the full model best explained variation 
in our data (table A1). Averaged across all traits, clutch, block, and incubation nest site 
explained 56% (range: 34–91%) of the variation (table A2), but the relative contributions 
of these factors to each phenotype varied substantially (Fig. 2A). Block and incubation 
nest best explained variation in incubation duration and change in egg mass, whereas 
clutch best explained morphological variation (Fig. 2A). Egg mass at oviposition had a 
strong, positive influence on carapace length (r2 = 0.62, P < 0.001) and body mass (r2 = 
0.74, P < 0.001). Overall, 72% of eggs successfully hatched. Our generalized linear 
mixed model attributed 64% of variation in egg survival to incubation nest and 36% to 
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clutch. We detected significant linear selection on egg mass at oviposition (β = 0.10, P = 
0.003), indicating that larger eggs had a higher probability of hatching. 
Reaction norms of embryos were not specific to their maternally-chosen nest site, as 
indicated by no significant effects of natal status (whether the eggs incubated in their 
mother’s nest or in another mother’s nest) on any trait that we measured (all P’s ≥ 0.10, 
table A3). 
Nests exposed to higher levels of solar radiation had higher mean (r2 = 0.11, P = 
0.046) and daily maximum (r2 = 0.16 P = 0.01) temperatures. Linear regression revealed 
that eggs in warmer nests hatched sooner than eggs in cooler nests (r2 = 0.67, P < 0.001), 
but change in egg mass was not affected by nest temperature (r2 = 0.003, P = 0.65). 
Moreover, nest differences (within blocks) in temperature were not related to any 
differences in hatchling phenotypes (all P’s > 0.20). 
Stage 2: Effects of the hibernation site 
After hibernation, variation in body mass and change in mass were best described 
by the full model. For carapace length, however, hibernation nest was excluded from the 
best model (table A4). Averaged across all traits, clutch, block, and nest site explained 
48% (range: 28–58%) of the phenotypic variation (table A5). Clutch better explained 
phenotypic variation (16%) than did nest; incubation and hibernation nest effects 
contributed similarly when pooled across all traits (8% and 9%, respectively). Still, the 
hibernation nest effect was larger for body mass and change in mass, while the 
incubation nest effect was relatively consistent for all three traits (Fig. 2B). We did not 
analyze mortality for this stage, as most hatchlings survived (89%). 
24 
 
Our analyses on traits after hibernation reconfirmed that reaction norms of 
embryos were not specific to their maternally-chosen nest site during incubation, and 
that natal status during hibernation also had no significant effect on any of our measured 
traits (all P’s ≥ 0.36, table A6). 
Multiple regression analyses indicated that none of the measured microhabitat 
variables influenced nest temperature during hibernation (all P’s > 0.25). Additionally, 
environmental differences between hibernation nests within a block were not related to 
any measured phenotypic differences of hatchlings between those nests (all P’s ≥ 0.29). 
Stage 3: Effects during dispersal 
In the dispersal experiment, the 91 recaptured neonates averaged 3.4 days (range: 
1–9) to reach the arena perimeter. The remaining 26 turtles presumably died. While 
incubation and hibernation nest site did not influence dispersal time, they did affect mass 
change during dispersal (5% and 62%, respectively; table A7). We did not detect 
significant linear selection on either carapace length (βavggrad = 0.107, P = 0.118) or body 
mass (βavggrad = −0.031, P = 0.665). Although non-linear selection was not significant for 
mass (γ = 0.137, P = 0.227), a pattern consistent with stabilizing selection was 
significant for carapace length (γ = −0.208, P = 0.047; Fig. 3). 
Discussion 
Siblings typically experience a common developmental environment, thus 
partitioning phenotypic variation into its relevant sources is inherently difficult, 
particularly in a field setting. To overcome this difficulty, cross fostering has been 
successfully applied to quantify the contribution of nest site only during incubation to 
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phenotypic variation at hatching (e.g., Shine et al. 1997b). To gain a more 
comprehensive understanding of the consequences of nest-site choice, we employed a 
double cross-fostering design to quantify the relative contributions of clutch and nest site 
during two life stages (incubation and hibernation) to offspring phenotypic variation, and 
subsequently to evaluate the fitness consequences during dispersal of offspring from 
nests to aquatic habitat (a life stage characterized by high mortality; e.g., Janzen 1993). 
This novel approach allowed us to evaluate effects of the egg-incubation nest site on 
offspring phenotypes (as in other studies), while quantifying experimentally for the first 
time the joint contributions of nest site and clutch during the hibernation stage in the 
wild. 
Incubation Experiment 
Clutch explained substantial variation in morphology at hatching, but did not 
influence incubation duration or change in egg mass. As in other studies with similar 
designs (e.g., Shine et al. 1997b, Packard and Packard 2000), egg size was the primary 
determinant of hatchling size, yet the effect of clutch on morphological variation 
remained considerable even after statistically removing the effects of egg size. Protein 
and lipid composition of yolk is similar between maternal age classes in our focal 
population, so this is not likely a significant source of clutch variation (Harms et al. 
2005). Painted turtles exhibit substantial inter-clutch variation in yolk steroids (e.g., 
Bowden et al. 2004), but these hormones may not influence hatchling size, as 
experiments on lizards have not found such an effect (Uller et al. 2007). Substantial 
additive genetic variation for morphological traits has been documented for a variety of 
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taxa (Visscher at al. 2008), thus our observed clutch effects may be due primarily to 
genetic differences. 
The developmental environment profoundly affects phenotypic variation. In our 
study, incubation nests embody developmental environments in maternally-selected 
locations. These effects were most substantial for incubation duration and change in egg 
mass, congruent with prior research on reptiles that suggests thermal and hydric 
conditions primarily influence these traits (Deeming 2004). Nest environments also 
influenced variation in body size and condition, although these effects were relatively 
small compared to clutch effect. Indeed, clutch effects (genetics and maternal factors) 
largely explain variation in size at hatching even after accounting for initial egg mass, 
suggesting micro-evolutionary potential for this key trait. 
Even so, we likely underestimate the total contribution of incubation nest to 
phenotypic variation. First, we incubated many eggs in common conditions in the 
laboratory just prior to hatching, reducing the environmental variation that embryos 
would have naturally experienced in the field. Second, block also substantially 
contributed to variation in incubation duration, change in egg mass, and body condition 
(Fig. 2A). Block effects primarily comprised differences between blocks in oviposition 
date and general habitat (e.g., block effects would arise if both nests in one block were 
warmer than both nests in another). Time of oviposition and these broader scale 
environmental differences influence conditions within nests, yet are not included in our 
estimate of incubation nest effects. Finally, since recording began in 1896, July 2009 
was the coolest and the entire year experienced the fourth most precipitation (data 
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obtained from National Climate Data Center). This atypically cool and wet climate may 
have induced less variation in incubation nest environments than would be present in a 
climatically average year. 
Our experimental design permitted us to investigate how certain microhabitat 
factors influence the nest environment, and how the environment affected phenotypic 
variation (prediction # 3). Solar radiation significantly, but weakly, influenced both 
mean and daily maximum nest temperatures. These weak relationships in this study are 
unsurprising given that cooler, rainier, and cloudier seasons reduce the otherwise 
considerable effect of vegetation cover on nest temperature (Janzen 1994, Schwanz et al. 
2010). Nest depth did not predict nest temperatures, but the relatively shallow painted 
turtle nests (table A8) may lack sufficient variation in nest depth to elicit biologically 
meaningful thermal variation. Regardless, nest site substantially contributed to variation 
in incubation duration and change in egg mass. Eggs in warmer nests hatched sooner, yet 
no simple relationship was evident between nest temperature and change in egg mass. 
As both temperature and moisture influence change in egg mass (Packard et al. 1987), 
unquantified variation in hydric conditions in nests may have driven this latter effect. 
Hibernation Experiment 
The phenotypic and survival consequences of the incubation nest environment 
have been the focus of most research on nest-site choice. Many turtles, however, delay 
emergence and spend a second critical stage, hibernation, in the natal nest. Much 
research has focused on the physiological responses of neonatal turtles to low 
temperatures (reviewed in Costanzo et al. 2008). However, few studies have assessed the 
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survival consequences, and none the phenotypic consequences, of the natural hibernation 
nest environment (e.g., Weisrock and Janzen 1999). By using cross-fostering and 
measuring offspring traits immediately prior to and again after hibernation, our 
experiment provides a unique opportunity to quantify the relative contributions of clutch 
and nest environment during both egg incubation and hatchling hibernation. During 
hibernation, we found that clutch effects substantially explained variation in all 
measured traits (carapace length, body mass, and change in mass). These results, while 
novel, are fully expected, as they imply that genetic composition and/or early maternal 
factors of developing turtles are important contributors to phenotypic variation in 
multiple life stages. 
The hibernation environment did not influence carapace length, but did 
substantially affect body mass and change in mass. Even so, our study might 
underestimate the magnitude of the hibernation effect. After hatching, we did not 
immediately return turtles to the nests and we excavated neonates in the spring prior to 
their natural emergence. These logistical constraints resulted in offspring spending some 
of the fall and spring in common laboratory conditions when these turtles naturally 
would have been in nests. Regardless, incubation nest at least influenced post-
hibernation body mass and change in mass, indicating that embryonic developmental 
conditions exhibit a persistent effect into this later life stage. 
Prior research has quantified relationships between microhabitat variables and 
winter nest temperature (Weisrock and Janzen 1999, Nagle et al. 2000, Costanzo et al. 
2004). None of our microhabitat variables predicted nest temperatures during 
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hibernation. Snow cover was relatively uniform at the site, potentially reducing our 
ability to detect an effect of microhabitat variation on nest temperature. Indeed, 
temperatures in hibernation nests hardly varied and did not reach the critical thermal 
minimum that causes massive mortality in some years (Weisrock and Janzen 1999). Not 
surprisingly, then, none of the thermal characteristics of hibernation nests that we 
measured detectably influenced observed phenotypic variation. Instead, hydric 
conditions during hibernation, which are associated with changes in hatchling water 
balance (Costanzo et al. 2004), may have influenced body mass and change in mass in 
our experiment. 
Dispersal 
Dispersal of hatchling turtles from nests is typified by high mortality and strong 
selection (Janzen 1993, Janzen et al. 2000a; b, Tucker 2000). Larger hatchlings are 
generally favored by selection, which is mediated by a positive covariance between size 
and performance (Janzen et al. 2007). As predicted, larger neonates in our experiment 
generally survived better, although this advantage stabilized once turtles were just above 
the mean carapace length (sensu Paitz et al. 2007; Fig. 2). This result, combined with 
positive linear selection on egg size during incubation, generally supports the view that 
bigger is better (Janzen 1993). Because offspring size is largely controlled by egg size 
and other clutch effects (genetics and maternal provisioning), and not so much by nest 
environment during incubation and hibernation, this trait may be heritable and 
evolutionarily responsive to selection independent of nest-site choice. Even so, non-
genetic factors can affect egg size (e.g., maternal age; sensu Bowden et al. 2004) and 
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parent-offspring conflict (Janzen and Warner 2009) could alter the micro-evolutionary 
dynamics of offspring size in this system and explain why offspring are not produced at 
their optimal size. 
Although incubation and hibernation environments did not influence dispersal 
time, hibernation nest substantially influenced mass loss during dispersal. This pattern is 
probably associated with nest hydric conditions and hatchling water balance (Costanzo 
et al. 2004) prior to dispersal. Reduced sample sizes after dispersal mortality precluded 
an assessment of clutch as a factor. However, as hibernation nest also significantly 
influenced body mass and mass change over winter, this finding regarding dispersal 
mass makes biological sense and is likely robust. 
Natal Status 
We found no evidence that mothers select nest sites specific to their offspring’s 
norms of reactions during incubation or hibernation. Natal status (natal or non-natal) did 
not affect any trait that we measured in either stage. This “maternal matching” 
hypothesis has also found little support in a lizard study (Shine et al. 1997b). The ability 
of mothers to select nests that are well suited to their own offsprings’ reaction norms 
would mandate that mothers can comprehend the genotypic composition of their 
offspring and specifically predict the environmental conditions to which their offspring 
will be exposed in the nest. Both conditions are challenging to meet in our C. picta 
population, as roughly 30% of clutches are multiply sired (Pearse et al. 2002), and 
climate (Schwanz et al. 2009) and phenotypic selection (Warner et al. 2010) vary 
substantially among years. Instead, mothers more likely choose sites to induce specific 
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abiotic regimes in their nests that meet broadly similar requirements across the 
population. Thus, since all hatchlings derived from nests that were freely chosen by 
mothers in this population, it is not surprising that these microenvironments were 
generally suitable for incubation and hibernation. 
General Conclusions and Future Directions 
The seemingly simple task of choosing where to nest can have long-lasting and 
important consequences on offspring phenotypes and, ultimately, fitness. The 
overwintering behavior of neonatal C. picta offers a unique opportunity to quantify the 
separate and combined effects of developmental and hibernation environments that 
many temperate organisms experience. Our novel double cross-fostering design enabled 
us to quantify the phenotypic and survival consequences of a behavioral maternal effect 
from egg incubation through dispersal from nests. Effects from maternally-selected nests 
substantially contribute to phenotypic variation during incubation and during the 
underappreciated hibernation stage. During dispersal, natural selection acted on this 
phenotypic variation, influencing offspring survival. 
We have investigated phenotypic variation induced by clutch and nest-site effects 
in maternally-selected nests. Still, mothers select nest sites non-randomly, probably at 
multiple scales. Turtles at our site avoid heavily forested nest sites, instead choosing 
more open nesting beaches. Within these beaches, maternally-selected nests induce 
fitness-relevant variation in offspring phenotypes. To assess the adaptive significance of 
maternal nesting decisions at this fine scale, researchers should also make environmental 
comparisons between maternally-selected nests and randomly-chosen nest locations, and 
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investigate the phenotypic and survival consequences of these nesting decisions. 
Additionally, longitudinal research on the influences of microhabitat on hibernation nest 
environments and its subsequent influence on phenotypes and survival is warranted, as 
these subsequent life stages are often underappreciated in studies of nest-site choice. 
Results from our novel experimental design in the field reinforce the importance 
of maternal effects during multiple life stages. There is growing evidence from diverse 
taxa that maternal effects not only are relevant during early stages, but also have lasting 
effects on lifetime fitness. In many organisms, the importance of some maternal effects 
is not apparent until later life stages (Galloway and Etterson 2007, Storm and Lima 
2010, Streby and Anderson 2011), and maternal effects during early stages can strongly 
influence performance and fitness in later stages (Kaplan 1998, Marshall and Keough 
2006). Continuing experiments into later life stages is difficult, especially for long-lived 
organisms, but may provide valuable insights into the adaptive nature of maternal 
effects. 
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Figures 
Fig. 1. A schematic of the experimental design, representing one nest pair (i.e., block). 
Shaded and white eggs represent eggs from two different mothers. Hatchling head and 
leg color represent incubation nestmates, but not necessarily siblings (e.g., white-headed 
turtles incubated in the same nest). Immediately after oviposition, we reciprocally 
transplanted eggs such that half the eggs from one mother were placed in the nest of the 
other mother, and vice versa (Cross-foster 1). Most of incubation occurred in the field, 
but eggs were brought to the laboratory before hatching. After hatching, turtles were 
reorganized again (Cross-foster 2), such that each mother produced offspring that (1) 
incubated and hibernated in nest A, (2) incubated in nest A, but hibernated in nest B, (3) 
incubated in nest B, but hibernated in nest A, and (4) incubated and hibernated in nest B. 
Hatchlings were then released into a drift fence arena with pit traps around the inside 
perimeter to measure survival during the dispersal stage. 
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Figure 1 
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Fig. 2. Proportion of variance explained by specific factors in our experiment after 
incubation (A) and after hibernation (B). Carapace length and body mass at hatching 
were analyzed with initial egg mass as a covariate, whereas carapace length and body 
mass after hibernation were analyzed with carapace length and body mass before 
hibernation as covariates. 
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Figure 2B 
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Fig. 3. Probability of survival for hatchling Chrysemys picta during dispersal from nest 
sites to aquatic habitat in relation to standardized carapace length. The selection surface 
was estimated using the methodology of Schluter (1988). Dashed lines represent 
standard errors calculated with Bayesian methods. 
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Supplemental Material 
 
Online Appendix A: Model selection, Sources of Variation, Effects of natal status, and 
Summary Statistics  
 
Tables  
Table A1: Model selection using Akaike’s information criterion (AIC) for each 
phenotypic trait (P) during development and at hatching for Chrysemys picta. The lowest 
AIC score for each trait is bolded, and we used that model in subsequent analyses.  
 
 
 
 
 
 
 
 
 
Model  Change 
in Egg 
Mass 
Incubation 
Duration 
Carapace 
Length  
Body 
Mass 
Body 
Condition 
P= Block + 
Clutch(Block) + Nest 
(Block)  
-795.2 1131.7 675.8 186.1 146.6 
P= Block + 
Clutch(Block)  
-782.7 1424.7 678.5 187.2 150.6 
P= Block + Nest (Block)  -795.5 1136.2 703.2 201.5 204.5 
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Table A2:  Proportion of variance in phenotypic traits explained by block, clutch and 
incubation nest site in hatchling Chrysemys picta at the time of hatching. 
 
Factor Change in 
Egg Mass 
Incubation 
Duration 
Carapace 
Length  
Body 
Mass 
Body 
Condition 
Block 0.206 0.227 0.000 0.004 0.192 
Clutch 0.000 0.014 0.319 0.253 0.423 
Incubation 
Nest 
0.257 0.678 0.107 0.089 0.045 
Residual 0.537 0.081 0.574 0.654 0.340 
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Table A3: Effect of natal status during incubation on change in egg mass, incubation 
duration, carapace length, body mass, and body condition in hatchling Chrysemys picta. 
Individuals in the natal treatment incubated in their mother’s nest, whereas individuals in 
the non-natal treatment incubated in another mother’s nest. A significant natal status x 
clutch interaction suggests that clutchmates do not consistently respond similarly to natal 
status. Because the incubation nest environment is the same for natal and non-natal eggs 
within a nest, we would expect this interaction to be significant if nestmates respond 
similarly to the same environment. 
 
Phenotype Incubation Natal Status  Status*Clutch 
Interaction 
Change in Egg Mass F1,20 = 0.16 p=0.69 χ2=7.2  p=0.007 
Incubation Duration F1,27 = 0.03 p=0.85 χ2=242  p<0.001 
Carapace length at 
hatching 
F1,27 = 1.35 p=0.25 χ2=10.9 p=0.001 
Body mass at hatching F1,27 = 2.89 p=0.10 χ2=2.8  p=0.094 
Body Condition F1,27 = 0.02 p=0.89 χ2= 0.7 p=0.402 
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Table A4: Model selection using Akaike’s information criterion (AIC) for each 
phenotypic trait during hibernation and at spring emergence for Chrysemys picta.  The 
lowest AIC score for each trait is bolded, and we used that model in subsequent 
analyses. 
 
Model Body Mass Mass Change  Carapace Length  
P= Block + Clutch(Block) + 
IncNest (Block) 
+HibNest(Block) 
-97.8 -101.8 206.4 
P= Block + Clutch(Block) + 
IncNest (Block)  
-80.9 -84.8 204.1 
P= Block + Clutch(Block) + 
HibNest(Block) 
-96.5 -99.3 207.8 
P= Block +  IncNest 
(Block) +HibNest(Block) 
-90.6 -95.1 208.1 
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Table A5: Proportion of variance in phenotypic traits explained by block, clutch, 
incubation and hibernation nest site in hatchling Chrysemys picta after emergence from 
hibernation. 
 
Factor Body Mass  Mass Change  Carapace 
Length  
Block 0.094 0.047 0.000 
Clutch 0.153 0.147 0.195 
Incubation Nest 0.069 0.094 0.086 
Hibernation Nest 0.271 0.282 0.000 
Residual 0.413 0.430 0.719 
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Table A6: Effect of natal status during incubation and hibernation on body mass, change 
in mass, and carapace length in hibernating Chrysemys picta hatchlings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Phenotype Incubation Natal 
Status 
Hibernation Natal 
Status 
IncStatus*HibStatus 
Interaction 
Spring Body Mass F1,1 =0.83  p=0.53 F1,1 = 2.32 p=0.36 χ2=1.3  p=0.254 
Change in Mass F1,1 =0.24  p=0.71 F1,1 = 1.51 p=0.43 χ2=1  p=0.317 
Spring Carapace 
Length 
F1,1 =0.15  p=0.76 F1,1 = 0.35 p=0.65 χ2=1.8  p=0.179 
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Table A7: Proportion of variance in performance explained by block, incubation and 
hibernation nest site during hatchling Chrysemys picta dispersal. 
 
Factor  Mass Change Days to Fence 
Incubation nest 0.05 0.00 
Hibernation nest 0.62 0.00 
Block  0.00 0.23 
Residual 0.33 0.77 
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Table A8: Summary statistics of microhabitat variables and thermal attributes of natural 
Chrysemys picta nests. 
 
 N Mean St Dev Max Min 
Canopy Cover (%open)      
Incubation 32 53.4 12.6 78.4 28.7 
Hibernation 16 83.6 10.0 97.7 69.0 
Transmitted Radiation 
(MJ/m
2
/day) 
     
Incubation 32 6.8 1.3 8.9 4.2 
Hibernation 16 3.2 0.2 3.5 2.8 
Mean Temperature (°C)      
Incubation 20 23.6 1.0 25.6 21.0 
Hibernation 15 2.6 0.4 3.3 1.8 
Maximum Daily Temperature (°C)      
Incubation 20 27.3 1.5 30.8 23.5 
Hibernation 15 3.3 0.5 4.1 2.5 
Minimum Daily Temperature (°C)      
Incubation 20 21.0 0.9 23.0 19.5 
Hibernation 15 2.0 0.5 2.8 1.1 
Range Daily Temperature (°C)      
Incubation 20 6.3 1.3 9.1 3.9 
Hibernation 15 1.3 0.3 2.0 0.9 
Nest Depth (cm)      
To top egg 30 4.2 1.6 7.3 1.5 
To bottom of cavity  32 9.1 1.3 13.0 6.6 
Snow Cover (cm) 16 6.8 2.6 11.5 3.5 
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CHAPTER 3.  DOES SEX-RATIO SELECTION INFLUENCE NEST-SITE 
CHOICE IN A REPTILE WITH TEMPERATURE-DEPENDENT SEX 
DETERMINATION? 
A paper submitted to Proceedings of the Royal Society B 
Timothy S. Mitchell, Jessica A. Maciel, and Fredric J. Janzen 
Summary 
Evolutionary theory predicts that dioecious species should produce a balanced 
primary sex ratio maintained by frequency-dependent selection. Organisms with 
environmental sex determination, however, are vulnerable to experiencing maladaptive 
sex ratios, because environmental conditions vary spatiotemporally. For reptiles with 
temperature-dependent sex determination (TSD), nest-site choice is a behavioural 
maternal effect that could respond to sex-ratio selection, as mothers could adjust 
offspring sex ratios by choosing nest sites that will have particular thermal properties. 
This theoretical prediction has generated decades of empirical research, yet convincing 
evidence that sex-ratio selection is influencing nesting behaviours remains absent. Here 
we provide the first experimental evidence from nature that sex-ratio selection, rather 
than only viability selection, is probably an important component of nest-site choice in a 
reptile with TSD. We compare painted turtle (Chrysemys picta) neonates from 
maternally-selected nest sites to those from randomly-selected nest sites, observing no 
substantive difference in hatching success or survival, but finding a profound difference 
in offspring sex ratio in the direction expected based on historical records. As predicted 
by theory, our results suggest that sex-ratio selection has shaped nesting behaviour in 
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ways likely to enhance maternal fitness. 
1. Introduction 
 Fisher’s [1] explanation of why dioecious organisms typically produce an equal 
number of sons and daughters is one of the most useful models in evolutionary biology 
[2,3]. The fact that every such diploid individual has a mother and a father ensures that 
males and females contribute equally to the next generation. When biased sex ratios 
exist, individuals of the rarer sex will have higher fitness. Thus, under many conditions, 
frequency-dependent selection favors parents that overproduce offspring of the rarer sex, 
thereby balancing the sex ratio [3] (i.e. sex-ratio selection). With genotypic sex 
determination (GSD), independent meiotic segregation of sex chromosomes usually 
results in a balanced primary sex ratio. However, maintaining an optimum sex ratio is 
more complex when environmental factors determine sex [4-6].  
For many reptiles and some fish, temperature during early development 
irreversibly determines offspring sex. Two major areas of theoretical and empirical 
inquiry have emphasized 1) the adaptive significance of this temperature-dependent sex 
determination (TSD) and 2) the mechanisms responsible for sex-ratio dynamics under 
TSD (the focus of this study). In the first instance, TSD should be favored over GSD 
when environmental conditions experienced during development differentially affect 
male and female fitness (i.e. the Charnov-Bull model, [7]). Several excellent studies on 
short-lived fish [8] and reptiles [9,10] have provided evidence that TSD is adaptive 
because this plasticity enables matching offspring sex to the environmental conditions 
favored by that sex. In some such adaptive circumstances, theory predicts that the 
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optimal sex ratio may vary slightly from 1:1 [11-13]. However, despite considerable 
effort, there is no definitive evidence that TSD is adaptive in any long-lived reptiles [6], 
thus a balanced or nearly-balanced sex ratio is likely optimal in these organisms. 
Regardless, TSD may render populations susceptible to experiencing maladaptive sex-
ratio skews [4, 5], because environments vary spatiotemporally. Yet, many clades of 
animals with TSD have endured climatic warming and cooling events over millions of 
years, and currently exist across broad geographic (and, hence, thermal) ranges [14]. If 
sex is determined environmentally, how can these animals adapt to changing climates or 
to local conditions to maintain an appropriate sex ratio? Theory predicts that the two 
primary targets of sex-ratio selection are the thermal sensitivity of the sex determination 
pathway (hereafter, TSD reaction norm) and maternal nesting behaviour [5]. 
Decades of research have not convincingly demonstrated that sex-ratio selection 
shapes either trait in reptiles in the wild. Multi-generation laboratory experiments with 
short-lived fish show that the TSD reaction norm can evolve as predicted when fish are 
maintained in constant, sex-ratio-biasing conditions[15], and comparisons of 
geographically-distinct populations suggest that variation in this trait results from both 
sex-ratio selection [16] and other selective pressures [7,17]. In short-lived viviparous 
lizards, evolutionary transitions between GSD and TSD are apparent among populations 
inhabiting starkly different climates, yet this variation is likely driven by differing 
ecological selective pressures, rather than sex-ratio selection [10]. Comparisons of TSD 
reaction norms from reptile populations occupying thermally-divergent regions have 
provided equivocal results; some studies have not detected significant variation [18], 
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whereas in others the variation detected was either not in the direction or of the 
magnitude expected [19,20,21] under sex-ratio selection. 
Nesting behaviours of several reptile species, however, do vary geographically in 
the direction predicted by Fisherian theory: mothers construct more exposed nests in 
relatively cool locales and more shaded nests in relatively warm locales [20,21]. Still, 
nest-site choice has important consequences beyond phenotypic modification, because 
this behaviour can also affect offspring survival and maternal risk of mortality [22]. 
Consequently, the ultimate causes of nesting behaviour are diverse. Empirical studies of 
nest-site choice in reptiles either suggest that nesting patterns are driven by selection to 
maximize embryonic survival [20,23] or are unable to disentangle the effects of this 
survival selection from sex-ratio selection [21]. Thus, while some observed patterns 
accord with theory, we lack convincing evidence that nest-site choice is specifically 
influenced by sex-ratio selection. 
We designed an experiment to examine the consequences of nest-site choice on 
offspring sex ratio and survival with the painted turtle (Chrysemys picta), a common 
aquatic chelonian with a broad geographic distribution in North America. At our study 
site in northwestern Illinois, females construct nests in early summer and their eggs 
incubate, and hatchlings hibernate, within the nests until emerging the following spring 
[24]. The thermosensitive period (or TSP; the period when sex is labile) [14] occurs 
approximately in the middle third of embryonic development. During this time, warmer 
temperatures produce females, cooler temperatures produce males, and a narrow range 
of temperatures produces both sexes. Long-term research at our site has shown that there 
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is typically a strong relationship between vegetation cover above the nest and the nest 
sex ratio; however, nest vegetation cover is not related to hatching success of the nest 
[25]. Calculations based on historical climate data estimate that the primary sex ratio 
produced at our site over the past 100 years is male biased, which thus would presently 
favor females nesting in relatively exposed, warmer nest sites. In this experiment, we 
split clutches to allow half the offspring to incubate in maternally-selected nest sites and 
half to incubate in randomly-selected nest sites. We subsequently redistributed 
hatchlings between these sites prior to hibernation. This design enabled us to quantify 
any microhabitat and thermal differences between the nest treatments. We also 
quantified the consequences of nest-site choice on offspring survival during both stages 
(incubation and hibernation) and on offspring sex ratio by comparing offspring from 
nests in maternally-selected sites to nests in randomly-selected sites. 
2. Materials and Methods 
 (a) Study species and site 
The population of C. picta used for this experiment has been the focus of long-
term research on reproductive ecology. This focal population resides in the backwaters 
of the Mississippi River and nests in the Thomson Causeway Recreation Area (TCRA) 
in Thomson, Illinois. The TCRA is mostly deciduous forest, yet the nesting areas used 
by turtles are primarily short, maintained grass on loamy soils. Female turtles dig nests 
from mid-May through June. After eggs hatch, the hatchlings typically remain in the 
natal nest until the following spring when they emerge and disperse to aquatic habitats. 
 (b) Field methods 
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 From 22 May to 17 June 2010, we monitored the TCRA for nesting activity. We 
excavated eggs from the top of a nest within ~12 hours of oviposition, and placed eggs 
in containers filled with moist soil, and stored them in Styrofoam boxes. For each focal 
nest, T.S.M. constructed two artificial nests to be the same depth as the original nest. 
One nest in the ‘maternal’ treatment was constructed within 10cm of the original nest 
location and a second nest, in the ‘random’ treatment was constructed in a randomly 
selected location within 30m, the average distance from water to a natural C. picta nest 
at our site. We constructed both nests to control for any thermal effects induced by the 
structure of the natural nest; thus, any differences in nest temperature are attributable 
solely to differences in microhabitat. We chose the distance of the random nest from the 
maternal nest using a random number generating algorithm, bound to integer distances 
of 1 to 30m. We determined the direction of the random nest from the maternal nest by 
tossing a spinning pencil in the air and placing the nest in the direction indicated by the 
pencil’s tip when it landed [26]. If the specified random location was unquestionably 
unsuitable for turtle nesting (e.g. in the river), we generated a new random distance and 
direction.  
We weighed, marked with a felt tip pen, and redistributed eggs such that half 
incubated in the maternally-selected nest site and half incubated in a randomly-selected 
nest site (Figure 1). We added live eggs from other nests constructed on the same date to 
ensure that experimental nests all had clutch size=10, but did not use these extra 
‘dummy’ eggs in analyses. We programmed Thermocron iButtons, wrapped in latex and 
Parafilm, to record hourly temperatures and placed one in the center of each nest among 
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eggs. After inserting eggs, we filled nests with soil, protected them from predators with 
1cm-mesh aluminum hardware cloth secured with tent stakes, and mapped them for re-
location. We measured canopy cover (% openness) and incident solar radiation (MJ m-2 
per day) for each nest with hemispherical photography and Gap Light Analysis software 
[27]. We photographed the sky directly above each nest with a digital camera outfitted 
with a 180° fisheye lens. Gap Light Analysis software utilizes this photograph, latitude, 
longitude, elevation, day length, and weather data to quantify canopy openness and total 
transmitted solar radiation during the timeframe of interest. 
On 20 and 21 July 2010, we excavated all nests and placed the nearly-hatched 
eggs in Styrofoam boxes for transport to Iowa State University (ISU). We packed each 
nest cavity with cotton-filled plastic bags to maintain cavital integrity until we returned 
hatchlings to that nest prior to winter. At ISU, we weighed eggs and placed them in 
plastic shoeboxes with moistened vermiculite (-150 kPa) in incubators maintained at 
28.5°C. Eggs incubated at this temperature during the TSP produce both sexes, so even 
if eggs spent part of the TSP in the lab, it would only obscure treatment effects. We 
monitored eggs twice daily for pipping, at which point we placed a bottomless paper cup 
over the egg to ensure that we could identify which hatchling came from which egg. 
Eggs spent an average of 72% of the incubation period in the field (range: 52 to 96%), 
indicating that sex was almost certainly already determined by the time we excavated 
eggs. Removing the few nests from our analyses that spent less than two-thirds of the 
incubation period in the field did not qualitatively influence the results, so we included 
them. 
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We photographed the unique plastron pattern of each hatchling on 8 October 
2010 to ensure accurate identification. On 14 October, we redistributed hatchlings and 
returned them to nests for hibernation. We reorganized hatchlings such that half the 
hatchlings that incubated in the maternal nest would hibernate in the random nest, and 
half the hatchlings that incubated in the random nest would hibernate in the maternal 
nest (Figure 1). Nest pairs that did not have enough hatchlings from each nest were not 
included in this experimental manipulation. This design resulted in hatchlings from 20 
mothers (20 maternal and 20 random nests) that spent (1) both the incubation and 
hibernation stage in the maternal nest, (2) both the incubation and hibernation stage in 
the random nest, (3) the incubation stage in the maternal nest, but the hibernation stage 
in the random nest, and (4) the incubation stage in the random nest, but the hibernation 
stage in the maternal nest (Figure 1). We placed hatchlings in the nests, along with C. 
picta eggshell fragments (as is the natural condition), and protected the nests as before. 
We buried an iButton 5-cm deep, 10 cm from each nest cavity, as placing one within a 
nest could introduce unnatural nuclei for ice formation during winter. 
On 22 March 2011, we excavated nests and returned hatchlings to ISU in plastic 
cups filled with soil. We sacrificed focal turtles, injecting an overdose of Sleepaway near 
the heart. F.J.J. scored hatchling sex by macroscopic examination of the gonads without 
knowing the treatment. If none of the focal offspring from a nest hatched, we did not sex 
their siblings from the other treatment. Consequently, we acquired hatching success data 
for more mothers than we obtained sex-ratio data. 
(c) Statistical analyses 
58 
 
We performed all statistical analyses in SAS. We used Analysis of Variance 
(ANOVA) to compare microhabitat variables between the maternally-selected nest sites 
and random nest sites. We used the MIXED procedure, with treatment modeled as a 
fixed factor, and mom (i.e. clutch) as a random factor. From the iButton dataloggers in 
nests, we extracted mean daily mean, mean daily maximum, mean daily minimum, and 
mean daily range of temperature from the entire incubation period. We also calculated 
thermal values from the last 30 days the eggs spent in the field, which roughly 
approximates the TSP. We estimated the relationship between nest temperature during 
the last 30 days and nest sex ratio with a two-parameter sigmoid curve (equation: nest 
sex ratio = 1/(1+exp(-(predictor-θ1/ θ2)) initiated at θ1=25 and θ2=-1, and estimated 
iteratively using PROC NLIN [25].   To analyze survival and sex-ratio data, we used 
generalized linear mixed models (PROC GLIMMIX) with a binomial distribution and a 
logit link function. Treatment was again modeled as a fixed factor, and mom as a 
random factor. 
This challenging field experiment was performed during one year. However, 
Schwanz et al. [25] reported equations for the annual functional relationship between 
nest vegetation cover and clutch sex ratio between 1990-2006 at our site. We leveraged 
those equations to estimate offspring sex ratios had our experiment been repeated over 
these 17 years. For that long-term data set, nest vegetation had been quantified with a 
spherical densiometer, and the sum of south and west (S+W) vegetation cover used as 
the primary variable. Thus, we converted our data from Gap Light Analysis into S+W 
densiometer readings with the equation S+W=227.64-2.18x[% total radiation] (see [25]). 
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We used this S+W value to estimate the expected sex ratio of each maternal and random 
nest for most years. For three particularly cool years, nest vegetation cover and sex ratio 
were unrelated, as variance in sex ratio was limited by these extreme climates. In these 
three cases, we substituted the overall offspring sex ratio for a year for all nests in that 
year to yield conservative estimates. A flood destroyed all nests in 1993, so no data are 
available. 
3. Results 
 Maternally-selected nest sites had relatively open canopies compared to the 
randomly-selected nest sites and, consequently, received more solar radiation, were 
warmer, and had greater daily temperature ranges than random nests (Table 1). Nests 
from both treatments exposed to more solar radiation had higher mean nest temperatures 
during the approximate TSP (r2=0.46, p<0.001). Moreover, mean nest temperature 
during the TSP covaried with offspring sex ratio (equation: nest sex ratio = 1/(1+exp(-
(Temp-28.08/-2.35)), p<0.001). While treatment did not affect hatching success during 
the incubation stage (F1,27 =0.98 p= 0.33) or offspring survival during hibernation (F1,19 
=0.52  p=0.48) (Figure 2), it did influence offspring sex ratio (F1,20 =7.07  p=0.015). 
Maternally-selected nests produced a nearly balanced sex ratio, whereas randomly-
selected nests were strongly male biased (Figure 3).  
Patterns of nest-site choice do not vary significantly among years at our site [28], 
so the maternally-selected nests in our study are representative of usual nest locations. 
Additionally, mean air temperatures during the TSP (~July 2010) were <1 s.d. from the 
100-year mean at the nearest weather station (Clinton, Iowa) (National Climate Data 
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Center), thus our biological results should represent the outcome of the typical climatic 
situation. Estimated treatment sex ratios based on the long-term data [25] suggest that 
the overall treatment sex ratios would have varied substantially among years (Table 2). 
Regardless, maternal nests almost always yielded a less male-biased estimated sex ratio 
than did random nests. Averaging estimates across all years, the maternal treatment 
produced a 0.59±0.30 offspring sex ratio and the random nests produced a 0.74±0.27 
offspring sex ratio (see table 2). 
4. Discussion 
 Theory predicts that nest-site choice is a trait that may respond to sex-ratio 
selection. Yet, to detect such an evolutionary change in response to sex-ratio selection in 
the field is logistically challenging. To do so requires multigenerational studies, and 
many reptiles with TSD are characterized by long generation times. This trait is not 
preserved in the fossil record, making paleontological inferences difficult. Geographic 
comparisons have promise, but require intense fieldwork at multiple sites simultaneously 
across a broad geographic range. However, our novel experimental design allowed us to 
investigate the phenotypic and survival consequences for offspring of non-random 
maternal nest-site choice. Our results indicate that nesting behaviours had negligible 
survival consequences, but substantial impacts on sex ratio, suggesting that the observed 
nesting patterns likely represent the signature of sex-ratio selection.    
Our findings accord with long-term studies (15+ years) of nest-site choice, 
population dynamics, and selective pressures in this population. Vegetation cover over 
natural nests does not substantially influence hatching success [25], but strongly affects 
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offspring sex ratio [24, 25]. Together with our results, these findings suggest that 
available nest sites for this population are generally suitable for embryonic development, 
but induce very different offspring sex ratios. While it is logistically infeasible to 
accurately assess operational sex ratios in our system, estimates derived from established 
relationships between annual offspring sex ratio and historical climate data suggest a 
male-biased (0.63) offspring sex ratio at our site over the past 100 years [25]. Thus, sex-
ratio selection should presently favor mothers that nest in relatively open sites compared 
to what is available, which is the pattern that we observed. Still, how the trait will 
respond to such sex-ratio selection is debatable [29]. Interestingly, heritability of nest-
site choice is higher following warmer winters (h2 = 0.19) [30], suggesting that this trait 
could be a prime target for evolutionarily effective sex-ratio selection under warming 
climatic conditions. Nest-site choice thus warrants particular attention for research 
addressing response of reptiles with TSD, many of them already imperiled, to 
contemporary climate change [2]. 
Our historical calculations estimate treatment sex ratios had the experiment been 
repeated annually over a recent 17-year period. Variation in climate during those years 
resulted in distinctive annual relationships between vegetation cover and nest sex ratio 
[25], and consequently our treatments would have yielded different sex ratios in different 
years. Even so, these results are notably congruent with findings from our experiment in 
2010. Moreover, averaging across all years suggested that maternally-selected nests 
would have produced a 0.59 offspring sex ratio, strikingly similar to the long-term 
estimate from climate data for the past 100 years (0.63 [25]). Based on these 
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calculations, had mothers been selecting nest sites randomly during these 17 years, the 
overall offspring sex ratio would have been considerably more male biased (0.74). Thus, 
historical calculations concur that maternal nest-site choice documented in our field 
experiment is in the direction expected by sex-ratio theory. 
 The evolution of nest-site choice is influenced by multiple factors and thus 
identifying the relative importance of the ultimate cause(s) of the behaviour is complex. 
To adaptively modify offspring phenotype through nest-site choice, the mother must first 
select nests that are suitable for survival. Indeed, offspring survival is probably the 
primary factor driving nest-site choice in most oviparous organisms [22], and prior 
research on our population supports this broad-scale assessment [25]. Here we have 
specifically shown that nesting behaviour is so finely tuned that, on the scale of our 
experiment, nest-site choice had negligible differential survival consequences, but 
substantial impact on offspring sex ratio in the direction predicted by sex-ratio theory 
[5,29] and expected from long-term empirical work [25]. Although climate and, 
consequently, offspring sex ratios vary substantially in different years, our historical 
calculations indicate that our experimental results accord with our long-term field 
research. This study provides the first experimental evidence in the wild that sex-ratio 
selection under TSD is probably an important component of nest-site choice, validating 
the theoretical framework that has guided decades of research [5,6]. Indeed, sex-
allocation theory [1,2,3], has been one of the most successful paradigms in evolutionary 
biology, and our empirical research is another example [15,31,32] of its profound utility 
and explanatory power.  
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Table 1: Comparison of microhabitat variables and thermal properties of maternally- 
selected and randomly-selected nest sites of painted turtles (Chrysemys picta). N is the 
number of nest pairs. 
Table 2: Estimated treatment sex ratios had this experiment been repeated over 17 years. 
The equation describing the functional relationship between vegetation cover and nest 
sex ratio is obtained from actual data from long-term research, described in Table 1 of 
[25].  * indicates where we used overall offspring sex ratio for that year for all nests. 
Figure 1: A schematic of the experimental design. All white eggs and hatchlings are 
siblings and represent the focal individuals. Shaded eggs and hatchlings were live 
“dummies” not included in analyses. Hatchlings with black heads incubated in the 
maternal nest, whereas hatchlings with white heads incubated in the random nest. After 
hatching, we reorganized turtles again such that we had hatchlings that (1) incubated and 
hibernated in the maternal nest (2) incubated in the maternal nest, but hibernated in the 
random nest, (3) incubated the random nest, but hibernated in the maternal nest, and (4) 
incubated and hibernated in the random nest. 
Figure 2: Hatching success of C. picta eggs incubated in (N= 28) maternally- and 
randomly-selected nests and survival of hatchlings hibernated in (N= 20) maternally- 
and randomly-selected nests. Error bars are 95% confidence intervals. 
Figure 3: Sex ratio (proportion male) of C. picta hatchlings incubated in maternally- and 
randomly-selected nest sites (N= 21). The dashed line represents a balanced sex ratio. 
Error bars are 95% confidence intervals.  
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Table 1: 
    Maternal nest sites                   Random nest sites   
variable N LS mean ±SE minimum maximum LS mean ±SE minimum maximum statistic 
openness (%) 31 59.5±2.7 30.4 93.9 51.1±2.8 24.5 86.3 F1,28=5.9  p=0.021 
solar radiation (MJ m
-2
 d
-1
) 31 6.9±0.3 3.2 9.5 5.1±0.3 1.3 9.3 F1,28=15.2  p<0.001 
depth (cm) 31 8.2±0.8 6.5 9.5 --- --- --- --- 
temperature (°C)         
mean 18 25.5±0.4 23.4 28.5 23.6±0.4 20.9 26.3 F1,17=19.1  p<0.001 
minimum 18 22.1±0.2 20.8 24.1 21.2±0.2 19.2 22.7 F1,17=14.0  p=0.001 
maximum 18 30.7±0.7 26.4 34.5 27.0±0.7 22.6 32.6 F1,17=20.9   p<0.001 
range 18 8.5±0.5 5.4 11.3 5.8±0.5 2.3 10.9 F1,17=16.7  p<0.001 
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Table 2: 
Year equation (from [25]) n sex ratio ± SD 
Maternal treatment Random treatment 
1990 no relationship, mean 
sr=0.92±0.16 
31 0.92 ± 0.0* 0.92 ± 0.0* 
1991 sr =1/(1+exp(-(Veg-96.1)/35.9)) 31 0.35 ± 0.22 0.59 ± 0.27 
1992 no relationship, mean sr= 1.0±0.0 31 1.0 ± 0.0* 1.0 ± 0.0* 
1993 no data, flood 31 - - 
1994 sr =1/(1+exp(-(Veg-28.6)/49.9)) 31 0.68 ± 0.14 0.80 ± 0.15 
1995 sr =1/(1+exp(-(Veg-99.3)/34.3)) 31 0.33 ± 0.22 0.57 ± 0.27 
1996 sr =1/(1+exp(-(Veg+16.9)/54.6)) 31 0.81 ± 0.09 0.89 ± 0.09 
1997 sr =1/(1+exp(-(Veg-12.2)/56.4)) 31 0.72 ± 0.12 0.82 ± 0.12 
1998 sr =1/(1+exp(-(Veg-79.3)/47.1)) 31 0.45 ± 0.18 0.64 ± 0.21 
1999 sr =1/(1+exp(-(Veg-106.7)/45.9)) 31 0.33 ± 0.17 0.53 ± 0.22 
2000 sr =1/(1+exp(-(Veg-29.2)/27.4)) 31 0.75 ± 0.19 0.88 ± 0.17 
2001 sr =1/(1+exp(-(Veg-73.1)/26.9)) 31 0.47 ± 0.27 0.72 ± 0.28 
2002 sr =1/(1+exp(-(Veg-81.5)/37.9)) 31 0.43 ± 0.21 0.65 ± 0.24 
2003 sr =1/(1+exp(-(Veg-7.9)/55.3)) 31 0.74 ± 0.11 0.84 ± 0.12 
2004 no relationship, mean sr= 
0.93±0.25 
31 0.93±0.0* 0.93 ± 0.0* 
2005 sr =1/(1+exp(-(Veg-134.9)/5.0)) 31 0.07 ± 0.23 0.36 ± 0.44 
2006 sr =1/(1+exp(-(Veg-71.9)/36.4)) 31 0.48 ± 0.22 0.70 ± 0.24 
All 
Years 
  527 0.59 ± 0.30 0.74 ± 0.27 
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Abstract 
 Offspring phenotypic variation can be substantially influenced by non-genetic 
factors such as maternal effects, which ultimately can influence organismal fitness. For 
oviparous organisms that lack parental care, oviposition-site choice and resource 
allocation to eggs are maternal effects that can greatly affect offspring traits. Yet, few 
studies have examined these traits in an experimental framework in the wild. We 
manipulated the contents of natural painted turtle nests such that offspring spent two life 
stages (incubation and hibernation) in either maternally-selected nest sites or randomly-
selected nest sites, and quantified treatment differences in environmental parameters and 
offspring phenotypes. Additionally, we tracked the fates of individual eggs and 
hatchlings, which allowed us to quantify the strength and form of selection acting on egg 
size during incubation and, for the first time, body size during hibernation. Maternally-
selected nest sites were warmer and produced offspring that were longer and hatched 
earlier than their siblings emerging from cooler, randomly-selected nests. Treatments did 
not affect any measured traits during hibernation. We detected no selection on egg size 
during the incubation stage, but significant linear selection favoring larger hatchlings 
during hibernation. Our results suggest that nest-site choice allows mothers to partially 
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control the environment of their incubating eggs, but is less effective at controlling 
hatchling environments during hibernation. Additionally, we provide novel support for 
the “bigger-is-better” hypothesis in turtles by showing a positive relationship between 
size and survival during the hibernation stage. 
Introduction 
 Maternal effects occur when a mother’s environment or genotype influences the 
phenotype of her offspring independently of the genetic information she passes on 
(Bernardo 1996). Perhaps the most obvious examples of maternal effects come from 
animals with parental care (e.g. a mammalian mother feeding her offspring milk after 
birth, an avian mother brooding her eggs). However, maternal effects are a source of 
phenotypic variation across all taxa, and many other mechanisms besides parental care 
permit mothers to influence offspring phenotypes (Mousseau & Fox 1998).   
 For oviparous organisms that lack parental care, the ability to actively manipulate 
the offspring environment terminates after oviposition. Maternal effects acting before or 
at oviposition, however, can persistently affect offspring environment and phenotypes. 
For these organisms, the two primary mechanisms by which mothers can influence 
offspring phenotypes are resource allocation to eggs and oviposition-site choice. The 
contents of an egg represent the only nutritional resources available to a developing 
embryo and affect initial offspring size and often survival (Sinervo et al. 1992, Heath, 
Fox & Heath 1999). Oviposition-site choice can influence diverse factors, including 
predation risk to mother (Spencer 2002) and offspring (Resetarits & Wilbur 1989), the 
abiotic environment during both incubation (Pike, Webb & Shine 2011) and post-
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hatching stages (Weisrock & Janzen 1999), proximity to suitable food sources or habitat 
(Streby & Anderson 2011, Kolbe & Janzen 2001), and inter- and intra-specific 
competition (Resetarits & Wilbur 1989). Like other maternal traits, egg size and nest-site 
choice should evolve to enhance maternal fitness (Marshall & Uller 2007). 
 Typically, larger egg size positively influences neonate size and often survival. 
Because there is a trade-off between offspring size and number, however, evolution 
favors an optimization of these traits that enhances maternal fitness (Smith & Fretwell 
1974, Einum & Fleming 2000, Janzen & Warner 2009). Still, the relationship between 
egg size and offspring fitness is not always straightforward. For instance, egg size in 
beetles can predict survival in poor environments, but does not affect survival in high 
quality environments (Fox & Mousseau 1996). Furthermore, because different life stages 
occur in different environments, phenotypes that confer fitness advantages in one stage 
may be detrimental in another (Moran 1994). In many turtles, offspring size positively 
influences survival during incubation (Janzen & Warner 2009, Warner, Jorgenson & 
Janzen 2010) and dispersal from nests (Janzen, Tucker & Paukstis 2000). However, 
during hibernation, smaller turtles may be superior at supercooling (a strategy to survive 
sub-zero temperatures), potentially resulting in higher survival for smaller turtles during 
this stage (Costanzo et al. 2004). Hence, understanding the relationship between size and 
survival across multiple stages is necessary to understand the evolution of egg size. 
 Non-random oviposition-site choice can evolve when cues present at oviposition  
reliably predict the environmental conditions encountered by offspring, which in turn 
affects offspring fitness. For example, the host plant selected by insects for oviposition 
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reliably predicts available food for larval stages, and indeed non-random host-plant 
choice of ovipositing insects is well documented (Fox & Mousseau 1996). Frogs 
oviposit preferentially in ponds without competitors or predators when such ponds are 
available (Resetarits & Wilbur 1989). For many oviparous reptiles, nest-site choice is 
non-random with respect to surrounding vegetation cover (Angilletta et al. 2009, Warner 
& Shine 2008, Wilson 1998), which strongly influences the thermal conditions of 
developing eggs. For these reptiles, non-random nest-site choice may evolve to enhance 
offspring survival or to modify offspring phenotypes, or both (Refsnider & Janzen 
2010).  
 Turtles are excellent organisms in which to examine maternal effects. Turtle life 
history is characterized by low adult mortality, but high mortality during early life stages 
(Iverson 1991), including egg incubation, hatchling hibernation within the nest (a 
behavior of many temperate turtles; Costanzo, Lee & Ultsch 2008), and dispersal from 
the terrestrial nest. Egg size can influence hatching success of turtles and is the primary 
determinant of hatchling size during both the hibernation and dispersal stages (before 
feeding can occur). Nest-site choice influences the environmental conditions 
experienced during both incubation and hibernation (Weisrock & Janzen 2001) and the 
distance to suitable habitat during dispersal (Kolbe & Janzen 2001). Consequently, both 
nest-site choice and egg size can influence phenotypic variation and survival during 
these sensitive early stages, and are therefore crucial to offspring and maternal fitness 
(Schwarzkopf & Brooks 1987, Wilson 1998, Janzen et al. 2000, Warner & Janzen 2009).   
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 Here we present a manipulative field experiment that quantifies phenotypic 
consequences of nest-site choice on offspring painted turtles (Chrysemys picta) during 
incubation and hibernation. After oviposition, we allowed half of a clutch to incubate in 
a maternally-selected (hereafter ‘maternal’) site and half to incubate in a randomly-
selected (hereafter ‘random’) site. Because painted turtles delay emergence from nests 
until the following spring, hatchlings naturally hibernate within nests. We redistributed 
hatchlings prior to winter to evaluate the consequences of nest-site choice during 
hibernation as well. We show that maternal sites differ environmentally from random 
sites, and report the effects of these abiotic differences on phenotypes of offspring 
during two important life stages. As a part of this experimental design, we also tracked 
the fates of individuals through both stages, which enabled us to quantify the strength 
and form of natural selection acting on egg size during incubation and hatchling size 
during hibernation. 
Methods 
 Study Species: The population of C. picta for this experiment has been the focus 
of long-term research on reproductive ecology. This population resides in the backwaters 
of the Mississippi River and nests in the Thomson Causeway Recreation Area (TCRA) 
in Thomson, Illinois. The TCRA is mostly deciduous forest, yet the nesting areas used 
by turtles are primarily short, maintained grass on loamy soils (Schwanz et al. 2010). 
Long-term research has demonstrated that nest-site choice is repeatable (Janzen & 
Morjan 2001) and conditionally heritable (McGaugh et al. 2010).  
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Field Methods: We monitored the TCRA for nesting activity from 22 May to 17 
June 2010, and carefully excavated eggs from subterranean nests within ~12 hours of 
oviposition. We marked and weighed eggs and placed them in containers filled with soil. 
For each clutch obtained, we created two artificial nests at the same depth as the 
maternally constructed nest, by carving out a cavity with a trowel and spoon. One 
artificial nest was within 10cm of the original nest location, and was considered the 
‘maternal’ treatment. The ‘random’ treatment was a similarly constructed artificial nest 
that was placed in a random direction and at a random distance. Turtles nest an average 
of 30m from the water at the TCRA (Harms et al. 2005), and so this scale approximates 
the area from which a nesting mother would plausibly select a site. We used a random 
number generator to select an integer value between 1 and 30m, and selected a random 
direction by spinning and dropping a pencil, and placing the random nest in the direction 
of the tip of the pencil when it settled (Warner & Shine, 2008). If the random location 
was unsuitable for nesting (e.g. within water), we selected a new random site with a 
different direction and distance.  
 After nest creation, we placed half the eggs from a clutch into the newly 
constructed maternal nest and half into the random nest. We added live eggs from other 
clutches oviposited on the same date into the experimental nests to ensure that all nests 
had a clutch size=10. These ‘dummy’ eggs were not used in any analyses. We placed 
Thermocron iButtons waterproofed with latex and Parafilm in the center of each nest 
among the eggs to record hourly temperature. Nests were backfilled with soil and 
protected with 1cm mesh aluminum hardware cloth and secured with tent stakes. We 
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took hemispherical photographs above each nest and used Gap Light Analysis (GLA) 
software to estimate overstory canopy cover (% openness) and total transmitted solar 
radiation (MJ m-2 per day). GLA uses this hemispherical photograph, and latitude, 
longitude, elevation, day length, and weather data to quantify solar radiation during the 
time of interest. 
 On 20 and 21 July 2010, we excavated nests and transported the nearly-hatched 
eggs to Iowa State University (ISU), where they were weighed and placed in plastic 
shoeboxes filled with moistened vermiculite (-150kPa) and kept at constant 28.5°C. We 
placed cotton-filled plastic bags within the excavated nests to maintain the structure of 
the nest cavities until we returned hatchlings for hibernation. We checked eggs twice 
daily for pipping, and placed a bottomless paper cup over each pipping egg to ensure 
that we could identify which hatchling emerged from which egg. We obtained linear 
measurements and hatchling mass within 24 hours of hatching. Eggs spent an average of 
72% of incubation in the field (range 55-96%). 
 On 8 October 2010, we reweighed each hatchling and photocopied its unique 
plastron pattern to ensure accurate identification. We redistributed hatchlings when they 
were returned to nests for hibernation on 14 October. Our redistribution ensured that half 
the hatchlings that incubated in the maternal nest would hibernate in the random nest, 
and half the hatchlings that incubated in the random nest would hibernate in the maternal 
nest (Figure 1). Nest pairs without enough hatchlings from each nest were not included 
in this experimental manipulation. This design resulted in hatchlings that spent (1) both 
the incubation and hibernation stage in the maternal nest, (2) both the incubation and 
79 
 
hibernation stage in the random nest, (3) the incubation stage in the maternal nest, but 
the hibernation stage in the random nest, and (4) the incubation stage in the random nest, 
but the hibernation stage in the maternal nest (Figure 1). We placed hatchlings in the 
nests, along with C. picta eggshell fragments (i.e. the natural condition), and protected 
the nests as before. We buried an iButton 5-cm deep, 10 cm from each nest cavity, as 
placing one within a nest could inadvertently introduce nuclei for ice formation during 
winter. 
On 22 March 2011, we excavated nests, recovered iButtons, and returned 
hatchlings to ISU in plastic cups filled with soil. We immediately identified all surviving 
and dead hatchlings and re-measured and re-weighed the survivors. Focal hatchlings 
were sacrificed for another project (Mitchell, Maciel & Janzen unpublished manuscript) 
and hatchlings from dummy eggs were released at the field site in May 2011. 
Statistical Analyses: We performed statistical analyses in SAS. From the iButtons 
used during incubation, we extracted the mean daily mean, mean daily maximum, mean 
daily minimum, and mean daily range of temperature. From the iButtons used during 
hibernation, we extracted mean daily mean and the overall minimum temperature. We 
used the overall minimum because, during this stage, mortality by freezing is common 
and the lowest temperature experienced is the most ecologically-relevant factor.  
Environmental conditions of nests: We used mixed-model analysis of variance 
(ANOVA) to compare microhabitat and thermal variables between the maternal sites and 
random sites. We modeled treatment as a fixed factor and mom (i.e. clutch) as a random 
80 
 
factor. We used simple linear regressions to explore relationships between microhabitat 
variables and thermal properties of nests during both incubation and hibernation. 
Hatchling phenotypes: We used similar mixed-model ANOVAs or analysis of 
covariance (ANCOVA) to compare phenotypes from eggs that incubated in maternal and 
random nests. For body mass and carapace length (CL), we used egg mass at oviposition 
as a covariate. Initial egg mass was not significant as a covariate for incubation duration 
or rate of egg mass change, and so was excluded in those two cases. Rate of egg mass 
change was calculated as the difference between initial egg mass and egg mass on 21 
July divided by the number of days the egg was in the field. To assess whether treatment 
during both incubation and hibernation affected phenotypes (body mass and CL) during 
hibernation, summer treatment and hibernation treatment were modeled as fixed factors. 
Mom and the interaction between incubation and hibernation treatment were modeled as 
random factors. For the analysis of body mass after hibernation, body mass prior to 
hibernation was included as a covariate. For the analysis of CL after hibernation, CL 
after hatching was included as a covariate. Because substantial mortality occurred over 
the winter, we estimated the relationship between minimum winter nest temperature and 
proportion of offspring surviving in a nest, and the relationship between canopy 
openness at oviposition and proportion surviving, using regression analyses.  
Phenotypic selection: We quantified the strength and form of selection on egg 
size during incubation and on carapace length during hibernation.  To assess linear 
selection during incubation, we used survival (0 or 1) as the dependent variable, and egg 
mass standardized to mean and unit variance as the independent variable in logistic 
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regression models (Janzen & Stern 1998). To assess linear selection during hibernation, 
we used survival over hibernation as the dependent variable and standardized carapace 
length as the independent variable.  We estimate non-linear selection by performing 
similar analyses during both stages, but using the squares of the standardized phenotypes 
as additional independent variables. Non-linear selection gradients were doubled 
(Stinchcomb et al. 2008). The selection surfaces were visualized using cubic splines 
(Schluter 1988). The primary analyses were run on all the individuals, irrespective of 
treatment.  When significant selection was detected, we analyzed data from each 
treatment independently to assess whether selection varied between treatments. 
Results 
Environmental conditions of nests: Maternal nests were relatively more open, 
received more solar radiation, and were warmer than random nests during incubation. 
However, these differences did not persist during hibernation (Table 1). Canopy cover 
and solar radiation during incubation were strongly related, and solar radiation robustly 
predicted all measured thermal properties during incubation (Table 2), with sunnier nests 
being warmer. Canopy cover at oviposition also predicted hibernation thermal properties 
(Table 2), albeit weakly, again with sunnier nests being warmer. 
Hatchling phenotypes: Eggs incubating in maternal nests hatched sooner than 
those incubating in random nests. Treatment did not affect the rate of egg mass change. 
Hatchlings from maternal nests were longer, yet equivalent in mass to those in random 
nests (Table 3). Egg mass at oviposition was a highly significant covariate for both 
measures of hatchling size (Table 3). Egg mass at oviposition positively influenced 
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carapace length (p<0.001, R2=0.60) and hatchling mass (p<0.001, R2=0.85). Neither 
summer treatment nor winter treatment significantly influenced how hatchling 
phenotypes changed over hibernation (Table 4, 5). The proportion of surviving 
hatchlings within a nest was positively related to minimum nest temperature over winter 
(p=0.022, R2=0.15, Figure 2), but not to canopy openness at oviposition (p=0.636, R2 
=0.006).  
Phenotypic selection: During incubation, 72% of the 304 eggs successfully 
hatched. We did not detect linear (βavggrad= 0.015, p=0.665) or non-linear (γ= -0.097, 
p=0.246) selection on egg mass during the incubation stage. Only 64% of the 173 
hatchlings survived hibernation. During this stage, we detected positive linear selection 
on carapace length (βavggrad = 0.15, p=0.008, Figure 3). Neither analysis restricted to only 
hatchlings in one treatment detected significant linear (maternal trt, βavggrad =0.14 p= 
0.055; random trt, βavggrad = 0.16, p=0.065). Non-linear selection was not detected on 
carapace length during hibernation (pooled γ= -0.012, p=0.944; maternal trt γ=0.07 
p=0.696; random trt γ= 0.03. p=0.824) 
Discussion 
 Oviposition-site choice and egg size are maternal effects that have substantial 
influence on offspring phenotypes and fitness in oviparous organisms. We employed an 
experimental design in which turtle offspring experienced environmental conditions of 
maternally-selected nest sites or randomly-selected nest sites during two life stages. A 
prior experiment with this system utilized cross-fostering manipulations to evaluate the 
consequences of nest-site choice among maternally-selected nests (Mitchell et al. 2013). 
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Here, we compared maternal nests to random nests, and thus can explore consequences 
of exposing offspring to environmental conditions in nest sites that mothers avoided, but 
plausibly could have selected. Additionally, we assessed selection on size during these 
crucial incubation and hibernation stages.  
 Environmental conditions of nests: Concordant with prior research on reptile 
nests (Weisrock & Janzen 2001, Doody et al. 2005, Warner & Shine 2008), our study 
shows that canopy cover at oviposition strongly influences transmitted solar radiation, 
which consequently influences thermal conditions in nests during incubation. Turtles in 
our experiment nested non-randomly with respect to canopy cover, which resulted in 
maternal nests receiving more solar radiation during incubation than did random nests. 
Consequently, maternal nests were warmer than random nests in all measured thermal 
parameters, and had larger diel temperature ranges.   
 While hibernation nest temperatures were similar between maternal and random 
nests, we did detect a weak relationship between canopy cover at oviposition and nest 
temperature during hibernation. Nests that were more open at oviposition had higher 
mean and minimum temperatures than shadier nests during the winter despite a general 
absence of foliage at this time (Weisrock & Janzen 1999). It is unclear how the structure 
of trees might influence snow depth, which could also affect nest temperature. 
Investigations of spatial patterns of snow drifting at the TCRA could help clarify this 
relationship. Despite the relationship between canopy cover and nest temperature, the 
former variable was unrelated to proportion of hatchlings surviving during this stage.  
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 Two other, single-year studies at the TCRA obtained contrasting results for the 
relationship between canopy cover at oviposition and nest temperature during winter. 
Similar to our study, Weisrock and Janzen (2001) found an inverse relationship between 
these two variables, while Mitchell et al. (2013) did not. Yearly differences in 
temperature and/or precipitation may alter such relationships, thus long-term research 
will be necessary. If canopy cover at oviposition typically predicts hibernation 
temperature and offspring survival, it could be important in the evolution of nest-site 
choice (Weisrock & Janzen 2001, Costanzo et al. 2004).  
 Hatchling phenotypes: Given the thermal differences between maternal and 
random nests, it was not surprising to find disparities in some traits. Incubation duration 
was substantially influenced by treatment, with eggs incubating in the warmer, maternal 
nests hatching on average 5 days earlier than those in the cooler, random nests. These 
results accord with other studies of the relationship between incubation duration and 
temperature in the field (Shine et al. 1997, Mitchell et al. 2013). Developmental rates 
increase with temperature (to a point), which is reflected in incubation duration. Given 
that these turtles remain in nests for many months, this difference in hatching time is 
unlikely to affect time of emergence.    
 We detected no treatment differences in egg mass change during incubation. Egg 
mass change is primarily influenced by hydric conditions, which were not quantified in 
this experiment. Important variation in hydric conditions probably occurs between 
natural nests (Ratterman & Ackerman 1987, Cagle et al. 1993), hence this result 
85 
 
suggests that consistent hydric differences between the maternal and random nests in this 
experiment were absent.   
 Hatchling mass was similar between treatments, but offspring from maternal 
nests were longer than those from random nests. This difference in length but not mass 
suggests that hatchlings in the warmer, maternal nests converted more yolk into tissue 
during development. Given the absence of treatment differences in egg mass change, it is 
unlikely that divergent hydric conditions underpin the observed pattern in hatchling 
phenotypes.    
 Neither incubation nor hibernation treatment influenced how hatchling 
phenotypes changed during hibernation. Since the thermal regimes of maternal and 
random nests were similar during hibernation, it is not surprising that treatment did not 
influence phenotypic change during this stage.  These results do not mean that 
hibernation nest site is unimportant in contributing to phenotypic change (see Filoramo 
& Janzen 1999, Mitchell et al. 2013), but may indicate that phenotypic modification 
during hibernation has not been important in shaping the evolution of nest-site choice in 
painted turtles.   
 Hibernating hatchling turtles are frequently exposed to sub-zero temperatures 
terrestrially. Survival during hibernation thus requires both suitable microhabitat 
conditions and a physiological capacity to tolerate cold temperatures. Yet, despite a 
remarkable ability to withstand sub-zero temperatures, hibernating painted turtles often 
die due to freezing during winter (Breitenbach, Congdon & van Loben Sels 1984, Nagle 
et al. 2000, Costanzo et al. 2004). Our analysis suggests that extreme cold temperature 
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contributed to mortality in this study, as minimum nest temperature and proportion 
surviving were positively related (i.e. colder nests had lower survival). Still, because 
canopy cover at oviposition was unrelated to overwinter survival, a hatchling’s 
physiological capacity is probably more important in surviving cold winters than is 
maternal nest-site choice.   
 Phenotypic selection: Larger offspring generally have an advantage over smaller 
offspring. However, the relationship between size and survival may vary across different 
environments (Fox & Mousseau 1996, Warner et al. 2010) and life stages (Moran 1994). 
Most studies with hatchling turtles have measured selection during the dispersal stage, 
when hatchlings travel from terrestrial nests to aquatic habitats, and these studies have 
generally supported the “bigger-is-better” hypothesis (Janzen et al. 2000, 2007, but see 
Congdon et al. 1999, Kolbe & Janzen 2001). Few studies in any taxa have measured 
selection on egg size in the wild (Warner et al. 2010, Mitchell et al. 2013), and none 
have measured selection on body size during the hibernation stage in neonatal turtles.   
 We did not detect selection on egg size during incubation, indicating that egg 
size did not have a substantial influence on survival during this stage. Prior research has 
noted positive selection on egg size both in the lab (Janzen & Warner 2009) and the field 
(Mitchell et al. 2013). However, long-term research at the TCRA has documented that 
the strength and form of selection on egg mass is not consistent: over a 7-year period, 
positive linear selection on egg size was detected during two years and non-linear 
selection was detected in another year (Warner et al. 2010).   
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 Substantial mortality, probably from lethally cold temperatures, occurred during 
hibernation. We detected positive linear selection on hatchling carapace length during 
this stage, indicating that longer hatchlings had a higher probability of survival (Figure 
3). Selection was not significant when analyses were restricted to a single treatment, but 
selection gradients were of similar magnitude to the pooled analysis.  Egg size is the 
primary determinant of carapace length in hatchling turtles, but importantly, nest-site 
choice also contributed to this trait, as hatchlings from maternal nests were longer than 
their siblings in random nests. 
Hatchling turtles can survive subzero temperatures by tolerating the partial 
freezing of extracellular fluids or by supercooling (remaining unfrozen at sub-zero 
temperatures). Both mechanisms may be important for survival. Costanzo et al. (2004) 
has suggested that smaller hatchlings may supercool more readily than larger hatchlings 
because the probability of ice nucleation increases with fluid volume, hence larger 
hatchlings would be more likely to spontaneously freeze. However, our results show that 
longer hatchlings were favored during hibernation. Our intriguing and novel results 
warrant further research on both the consistency of selection during hibernation, and the 
physiological mechanisms involved in surviving sub-zero temperatures.  
Conclusions: Our experiment emphasizes the importance of maternal effects in 
shaping fitness-relevant phenotypic variation. Oviposition-site choice is a behavioral 
maternal effect that substantially influences environmental conditions that offspring 
experience. Here, we compared turtle neonates from maternally-selected nest sites and 
randomly-selected nest sites. This experiment shows that female painted turtles nest non-
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randomly with respect to overstory vegetation cover, which substantially influenced the 
incubation environment experienced by eggs, but not the hibernation environment. 
Environmental differences during incubation resulted in longer hatchlings from maternal 
nests than those from random nests, with a survival advantage during hibernation (as 
shown in this experiment) and dispersal (as shown in other studies, Janzen et al 2000, 
Mitchell et al. 2013). This result is consistent with the “bigger-is-better” hypothesis. 
Indeed, with our novel finding of positive linear selection during hibernation, there is 
now evidence that “bigger-is-better” in all three early life stages at the TCRA (Warner et 
al. 2010, Mitchell et al. 2013, Paitz et al. 2007), at least during some years. The ultimate 
causes of nest-site choice are diverse (Refsnider & Janzen 2010), and selection to 
modify offspring phenotypes could be important in shaping nest-site choice generally.  
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Figure 1: A schematic of the experimental design, representing one clutch of eggs. After 
oviposition, we distributed eggs between an artificial nest in the maternally-selected site 
and an artificial nest in a random location within 30m.  All white eggs and hatchlings are 
siblings and represent the focal individuals. Shaded eggs and hatchlings were live 
“dummies” that we did not include in analyses, but added to ensure that every nest had 
10 eggs. Hatchlings with black legs and heads incubated in the maternal nest, whereas 
hatchlings with white legs and heads incubated in the random nest. Most of incubation 
occurred in the field, but we brought eggs to the laboratory before hatching. After 
hatching, we reorganized turtles again such that we had hatchlings that (1) incubated and 
hibernated in the maternal nest (2) incubated in the maternal nest, but hibernated in the 
random nest, (3) incubated the random nest, but hibernated in the maternal nest, and (4) 
incubated and hibernated in the random nest.   
Figure 2: Proportion of hatchling Chrysemys picta surviving within a nest as a function 
of minimum temperature experienced during hibernation.  The solid line represents the 
two-parameter sigmoid curve. Equation: Proportion surviving = 1/1+exp ((MinTemp-(-
6.03))/2.13)) P<0.001  
Figure 3: Probability of survival for hatchling Chrysemys picta during hibernation in 
relation to standardized carapace length. We estimated the selection surface using the 
methods of Schluter (1988). Standard errors, represented by dashed lines, were 
calculated with Bayesian methods.  Circles represent the individual hatchling turtles. 
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Table 1: Comparison of microhabitat and thermal variables of maternally-selected and 
randomly –selected Chrysemys picta nests. Least-square means and standard errors are 
reported.  Incubation temperatures represent the mean daily mean, mean daily minimum, 
mean daily maximum, and mean daily range between oviposition and 20 July.  
Hibernation temperature represents the mean daily mean, and the overall minimum nest 
temperature recorded between 14 October 2010 and 21 March 2011. 
Table 2: Relationship between microhabitat and thermal variables during the incubation 
and hibernation stages across both maternally-selected and randomly-selected nests. 
Table 3: Comparison of phenotypes of hatchlings incubating in maternally-selected and 
randomly –selected Chrysemys picta nests. Least-square means and standard errors are 
reported. 
Table 4: Comparison of phenotypes of hatchling Chrysemys picta from each of the four 
possible treatment combinations during incubation (maternal or random) and hibernation 
(maternal or random). Least-square means and standard errors are reported. 
Table 5: Statistical results from ANCOVA assessing the influence of treatment 
(incubation and hibernation) on the change in hatchling phenotype over winter. 
 
 
 
 
 
95 
 
 
Figure 1: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Maternally 
Selected Nest 
Randomly 
Selected Nest 
Oviposition 
Incubation 
Hatching 
Hibernation 
   
   
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
96 
 
Figure 2: 
 
 
 
 
 
 
97 
 
Figure 3: 
-2 -1 0 1 2 3
0.
0
0.
2
0.
4
0.
6
0.
8
1.
0
Standardized Carapace Length
Su
rv
iv
a
l
 
 
 
 
 
 
 
 
 
98 
 
Table 1: 
 
 
 
 
 
 Maternal Nests Random Nests  
Variable Mean±SE Minimum Maximum  Mean±SE Minimum Maximum  Statistic 
Canopy Open (%) 59.5±2.7 30.4 93.9 51.0±2.8 24.5 86.3  F1,28=5.90  p=0.021 
Solar  Radiation (Mj m
-2
 d
-1
) 6.9±0.3 3.2 9.5 5.1±0.3 1.3 9.3  F1,28= 15.21  p<0.001 
Summer Temp  (°C)        
     Mean 25.5±0.4 23.4 28.5 23.6±0.4 20.9 26.3  F1,17=19.06   p<0.001 
     Minimum 22.1±0.2 20.8 24.1 21.2±0.2 19.2 22.7  F1,17=13.98   p=0.002 
     Maximum 30.7±0.7 26.4 34.5 27.0±0.7 22.6 32.6  F1,17= 20.86  p<0.001 
     Range 8.5±0.5 5.4 11.2 5.8±0.5 2.3 10.9  F1,17= 16.73  p<0.001 
Winter Temp (°C)        
     Mean 2.7±0.2 1.7 3.3 2.8±0.2 1.6 4.0  F1,10= 0.01   p=0.91 
     Overall Minimum -4.2±0.5 -6.0 -2.5 -4.5±0.5 -8.5 -1.0  F1,10= 0.20 p=0.66 
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Table 2: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Response Predictor n β r
2
 p 
Solar Radiation % Canopy Open 62 0.11 0.8 <0.001 
Summer Temperature (°C)      
    Mean  Solar Radiation  33 0.53 0.41 <0.001 
    Minimum  Solar Radiation  33 0.25 0.25 0.002 
    Maximum  Solar Radiation  33 1 0.45 <0.001 
    Range  Solar Radiation  33 0.78 0.44 <0.001 
Winter Temperature (°C)      
    Mean  % Canopy Open 26 0.016 0.16 0.037 
    Overall Minimum  % Canopy Open 26 0.04 0.16 0.042 
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Table 3: 
 
Maternal 
Nest Random Nest   
Phenotype Mean±SE Mean±SE Covariate Statistic Treatment Statistic 
Incubation Duration (days) 70.5±1.4 75.7±1.4 -  F1,194=99.33  p<0.001 
Egg Mass Change Rate (g/day) 0.02±0.0 0.02±0.0 -  F1,192=1.60  p=0.207 
Carapace Length (mm) 25.2±0.1 24.9±0.1  F1,192= 120.71 p>0.001  F1,192= 10.08 p=0.002 
Mass (g) 4.7±0.04 4.7±0.04  F1,192= 308.63 p>0.001  F1,192= 0.11 p=0.737 
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Table 4: 
Stage 
   Incub. Trt Hiber. Trt N CL ± SE (mm) Mass±SE (g) 
Maternal Maternal 35 25.88±1.82 3.99±0.72 
Maternal Random 32 25.83±1.30 3.99±0.56 
Random Maternal 31 25.64±1.73 3.92±0.69 
Random Random 34 25.47±1.53 3.80±0.57 
 
 
 
 
 
Table 5: 
 
Stage 
Phenotype Incub. Trt P Hiber. Trt P 
CL F1,1 = 17.25 0.150 F1,1 = 5.43 0.258 
Mass F1,1 = 30.52 0.114 F1,1 = 1.62 0.423 
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CHAPTER 5. CONCLUSIONS 
 Maternal effects are ubiquitous across taxa, and this general area of research is 
rapidly expanding and changing. In this dissertation, I have described two novel field 
experiments (presented as three chapters) that allowed me to address the roles of 
maternal effects in shaping fitness-relevant phenotypic variation during early life stages 
in the painted turtle. While the research focuses on the painted turtle, the lessons learned 
from this research advance our general understanding of the role of maternal effects in 
ecology and evolution. 
 Chapter 2 presents a two-stage cross-fostering experiment that allows 
partitioning of phenotypic variance into effects of the clutch and the environment of the 
nest.  The relative contribution of clutch and nest site varied by phenotype and stage, yet 
generally, maternal effects (including egg size) substantially contributed to phenotypes 
that affected survival. In particular, I quantified selection on egg size in the field for the 
first time in any organism, and detected positive linear selection.  These results 
demonstrate the importance of maternal effects during early life stages.  While Chapter 2 
demonstrates that maternal effects are important in these early life stages, exploring the 
role of maternal effects in less well-studied stages would be beneficial.  Still, the general 
habitats and long life span of the painted turtle make tracking individuals from early life 
stages to later stages time consuming and logistically challenging.  Additionally, because 
climate was particularly cool during the incubation period in the year of this experiment, 
other questions about sex allocation could be addressed if this study were repeated in a 
climatically different year. Finally, this experimental design could be modified to ask 
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other questions if females were utilized for which historical information (e.g. age, 
nesting history) from our long-term research was available.   
 Chapter 3 describes an experiment designed to test specific predictions about 
nesting behavior derived from sex-ratio theory.  Nest-site choice is a potential target of 
sex-ratio selection and is therefore potentially adapted to contribute to the maintenance 
of healthy sex ratios. This topic has received considerable attention in the past 30 years. 
In this experiment, I manipulated clutches in the field such that some offspring 
developed in maternally-selected nests and some developed in randomly-selected nests.  
The results demonstrated that, on the scale of the experiment, nest-site choice had little 
influence on survival, but substantial influence on offspring sex ratio in the direction 
predicted by theory and long-term empirical work at the site.  These results are perhaps 
some of the strongest evidence to date in support of sex-ratio selection as an 
evolutionary process influencing TSD, yet much more research is warranted.  Presently, 
research exploring geographic variation in nesting behavior and thermal sensitivity of 
the sex-determination pathway in the geographically-widespread painted turtle is 
underway. This large-scale project shows exceptional promise to understand local 
adaptation to divergent climates for a reptile with TSD.  Additionally, data have been 
collected to evaluate whether the thermal sensitivity of the sex-determination pathway 
and nest-site choice covary, which could affect the evolutionary potential of animals to 
respond to sex-ratio selection.  
 Chapter 4 utilizes data from the same experiment as described in Chapter 3, but 
explores the role of egg size and nest-site choice in shaping early life, fitness-relevant 
104 
 
phenotypes.  I show that the non-random nesting behaviors of mothers influence 
hatchling size and development rate. I detected linear selection favoring larger 
hatchlings during a high-mortality hibernation stage.  Hatchling size is primarily 
influenced by egg size, and this result provides novel support for the “bigger-is-better” 
hypothesis during the hibernation stage.   While I recognize that the strength and form of 
selection varies among years, overall, larger eggs produce larger hatchlings that have 
advantages during incubation, hibernation, and dispersal, at least in this study 
population. Future areas of research include a longitudinal assessment of nest-site 
choice, nest temperature, and hatchling size and mortality during this hibernation stage.  
Additionally, research on the physiology of hatchling turtles may provide insight into the 
specific traits under selection during this stage. 
 Overall, this dissertation highlights the importance of maternal effects in shaping 
the early life, fitness-relevant phenotypic variation of offspring, including sex.  The 
experiments described within provide several novel findings, including selection on egg 
size during incubation and body size during hibernation.  Additionally, I provide 
evidence that sex-ratio selection shapes nesting behaviors in reptiles with TSD.  While 
this research has contributed to general knowledge of maternal effects, ecology, 
evolution and the organismal biology of painted turtles, there is still much to learn.   
 
 
